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ABSTRACT

A brief review of the evolution of light-water reactor safety analysis
codes is presented. Included is a summary comparison of the technical
capabilities of major system codes. Three recent codes are described in nore
detail to serve as examples of currently used techniques. Example comparisons
between calculated results using these codes and experimenta. data are given.
Finally, a brief evaluation of current code capability and future development
trends is presented.

i» INTRODUCTION

This paper discusses the evolution of light-water reactor (LWR) accident
analysis techniques and describes three available computer codes to illustrate
current capability. Emphasis is given tc¢ the Loss-of-Coolant Accident (LOCA),
although the analysis methous discussed can also be used for other postulated
accidents. To further limit the scope, the discussion will be restricted to
systems-analysis codes, 1i.e., those that dcscribe the overall ‘*hermal-
hydraulic behavior of the entire primary, and in some cases, secondary system
during an accident.

Mcst of the analytical development effort over the past 14 years has been
devoted to the large-break LOCA. The accident at Three-Mile 1sland, however,
has regulted in an increased priority on techniques that can deal with the
much lonqer transients that ensue from smaller leaks. Although most of the
material in this paper will concentrate on the traditional. large-L.reak LOCA
analysis methods, their applicability to small break accidents will also bLe
discussed where appropriatc.

Much of the earlier work also focused on development of licensing, or
"evaluation model" (EM) codes. These codes embody a number ot agreed upon
"conservatisme" in the modelina to conlorm to established licensing rules.
Recently, there has been more emphasis on developing "best-eatimate" codeg
thiat try to model the system behavior as accurately as possible. Such codedn
are much more amenable to experimenta! assessment and can serve to cvalurte
the safety margins inherent in EM mocdels. Emphasis {n this paper {a on best-
estimate codea,

*Wor k perturﬁéa—ﬁnder the auspices of the U.S. Nuclear Regulatory Commission,



In the first section, we trace the development of LWR accident codes from
1966 through the present time. This will include a discussion of the role of
analysis in LWR nuc.ear safety research, followed by a review of some of the
important physical phenonena that have been identified, and the associated
technical issues that have required resolution. Finally to illustrate the
b.eadth of the effort and the substantial progress that has been achieved, a
chart summarizing the historical evolution of. safety cnde capabilities is
presented.

The next three sections are devoted to brief descriptions of three recent
accident~analysis system codes developed or under develcpment in the
United States. This will include selected separate effects and integral
systems test data comparisons. The last section briefly summarizes current
capabilities and anticipated development activaties.

The three system code descriptions given in this chapter include brief
discussions of the numerical methods involved. More detailad information on
the numerical methods is presented in Appendix A a:i the end of Chapter 19,
where some of the pertinent basic numerical concepts are reviewed and several
buzz terms used in the code descriptions are defined. The appendix at the end
of this chapter and Appendix B after Chapter 19 present examples of the finite
difference equations and solution strategies used in current reactor safety
codes.,

1.1 The Role of Analysis in LWR Safety

Analysis hac played a unique role in nuclear reactor safety for two main
reasons., First, the full-scale demonstration experiments (or actual events)
that are normally available to evaluate the accident behavior of industrial
products (e.g., automobiles and aircraft) are not available nor practical to
obtain in the case of nuclear power plants. This is because the diversity of
reactor system designs and the numerous potential events to be considered make
the required large number of full-scale experim.nts prohibitively expensive.
Consequently, a greater than usual responsibility has been placed on the
reactor safety analyst to be rigorous and accurate in the developing and
testing of analysis tools.

A sccond, and perhaps rclated, reason stems from the philoscphy that has
evolved in the United States of making extensive use of anzlysis as an
investigative, design, and evaluation tool. Let us briefly examine this
philoscphy. First, nuclear plints are designed to be clearly safe in normal
operation and incorporate substantial allowvance for off-normal operation and
system/component fallures. Second, analyses are used to determine thoan
system/component failures that could atfect safety so that appropriate
preventative actions may ke taken. Third, it is still presumed that somn of
the system/component failures will occur and that the provided satety features
(with margin and redundancy) will keep the ruclear plant safe in spite of such
failures, Finally some of the safety fcatures themselves are assumed to fail
during the accidents they arc dinigned to mitigate 8o the con3quences canh be
analyzed. This proceas of repeated investigative analysis 14 uned to identity
possible weaknesses of nuclear :rafety syntem:; sBo they can e rectified. The
result  in to raduce the credibility of severe nuclear accidents to  an
acceptably low level. Thus, nuclear-system satety anclysis han been and will
continun to be a very {mportant clement of LWR nuclear salety,



1.2 ‘Scope of Analysié DeQelopmeht

The develcpment of analytical methods for reactor safety analysis has been
one of the most comprehensive analytical efforts undertaken in the
United States. This effort has involved several nationel laboratories, indus-
trial firms, government agencies, and many universities working coopera-
tively. The completeness and accuracy with which LWR transient behavior under
LOCA conditions can be modeled has improved steadily. The analytical tools
are continuing to be :improved and tested to achleve even greater accuracy,
predictive reliability, and economy.

The development of these methods has been and continues to be a very
challenging task, The physical phenomena that can exist under postulated
accident conditions have required the devclopment of new analytical models and
associated nu..erical solution methods. The large number of ccmponents and the
complexity of accident phenomena have necessitated innovative application of
even the most sophisticated modern computers to achieve the desired results in
practical computation times.

The requi 'm«nt to model two-phase flow conditions has either directly or
indirectly ac  .1ted for the greatest part of the technical development
effort. Und.* +0CA conditions, nonhomogeneous [relative motion between the
phases), noncailibrium (temperature difference between the phases), and in
some cases, multidimensional flow effects can be important. New hydrodynamic
models had to be developed to account for these phenomena. The presence of
two-phase flow also influences the performance of pumps; the flow-through
valves, orifices, and postulated breaks; and convective heat transfer
mechanisms. The ability to model with accuracy the discharge rate from an
assumed system leak is particularly important since it determines the rate of
coolant loss ard system depressurization,

Another important area is that of heat transfer. Under design conditions,
the heat transfer process in a reactor core is in the well characteiizna
subcooled and nucleate bhoilina regimes. However under postulated accident
conditions, the heat transfer extends into the transition and film boiling
regimes, During the emergency coolant reflood phase, the maximum core
temperature is dependent upon the details of the film boiling process and in
particular, on the transition back to nucleate boiling associated with
quenching the hot fuel .ods. Axial heat conduction along the very steep
temperatire gradients near :he gquench front is also very important.

Substantial progress has bLeen made in understanding basic two-phase
thermal-nydraulic phenomena amrl in their quantification with empi:ical cor-
relations. These phenomena and their characterization have heen the topicr of
several other chapters. The main purpose of syatems-analysisa compuier codes
is to synthesize this knowledac into a consistent framework ~f consaenrvation
relatiors so that they can be appli=d to practical reactnr safety problems,
The advant-~qe of computer modeling is that 1t allowna one tu treat the com-
plexity inh rent in recactor accident behavior. Advances in combuter analysis
techniques lLive had to go hand-in-hoend with advances in phenonennlogical
modeling. More cfficient and reliable numerical solution strategies have hadl
to be developrd. Issues such an convergence, accuracy, stability, and cconomy
have also had to he addresscd.

For example, one isnue of wide dincusnion han been the formulation of a

macroscopic model for twoe-phane flow.1 Attemptn to formulate the macro-
scopic Eulerian-type equationn for a nonhomogencous two=phaae mixture have



resulted’ in systems of differential equations that_have complex charac-
teristics (sometimes referred to as being ill-posed). 4 This may imply an
unstable character for solutions to initial-boundary value problems. Several
sets of equations have been proposed, even some that have real roots, but
there 1is no single set that has universal acceptance. Most agree that the
difficulty is a result of the inability to describe accurately the differen-
tial character . of all the fluid interactions” .and the inability to charac-
terize the covariant terms that arise in the integral averaging process. Even
though this issue lacks complete resolution, it has not prevented the develog-
ment of successful numerical models for the flow of two-phase fluids.5
The reason for this 1is that the imperfection in the differential models
primarily affects the short-wave length behavior of the solutions. Generally,
these effects are at shorter wave lengths than can be resclved numerically for
practical mesh spacings. Thus, the ill-posed issue is of more academic than
practical importance as far as the accurate simulation of LWR systems is
concerned.

Stable solution behavior is achieved through the damping or numerical
dissipation inherent in the schemes used to solve the differential equations.
This numerical dissipation is the result of implicitness, use of donored-flux
terms, and inherent viscosity associated with the difference operations. The
net result is that the shortest wave-length components of the initial data
decay and a well-posed numerical initial-boundary-value problem is obtained.
The complexity of most models makes analytical investigation of ctability
impractical. Stability has been achieved by use of methods proven to be
stable for simpler problems and then investigated by numerical experimentation
with representative test problems.

The accuracy of analytical models and associated numerical schemes has
many facets, i.e., accuracy of the physical description, fluid properties,
empirical correlations, and numerical discretization. When calculated results
are compared to data, all of these inaccuracies .te combined. Careful study
is required to cseparate the sources of inaccuracy. Experience with a parti-
cular method gaine- through applicztion to many separate effects and integral
system experiments is protably the best and usual assessment technique. The
quest for accuracy is sometimes at odds with the need for economy in terms of
required computer time. The use of mul.idimensional and complex system repre-
sentations can result in very large sy-:tems of equations that must be solved
with attendant large ccmputational times. The balance between detail of
representation anc economy is one that cun vary, depending upon the end use of
the results. If system component interaction is of interest, then thc contire
system must be represented even if a compromise in detail is required. 1If, on
the other hand, the phenomena of interest are local or of short duration, then
a more detailed representation can be used.

A related 1issue {8 the trade-off bhetween 9gimple, and often highly
empirical, models and more complex models that are rooted morce stroungly in
fundamental principles. Although the more empirical models are often morc
economical, they may nout extrapolate to new (and untested) regimes as reliably
as the more fundamental models.

The extunsive range of operation of LWR system components under pu.stulated
1OCA  conditions placea an  additional burden on the modeler. Small
perturhation theory of lincar models 18 too restrictive to be of use under
such conditions saince many componenty and the physical phenomena exhibit
highly nonlinear behavior over the range of interest. Thus, each BRysntem
component model needs tn be very general and capable of operation over a wide
range. As an example, a pump model must be capable of repreuwenting the



per formance for both positive and negative flow, positive and negative head,
forward and rcverse rotation, and fluid conditions ranging from subcooled
liquid to all vapor. Such comprehensive representation is frequently made
difficult by a lack of data covering the range of potential operation.

2. EVOLUTION OF ANALYTICAL METHODS

In the past 14 years, significant progress has been made in all areas of
nuclear safety research and development. In particular, the LWR system codes
used for safety analysis have improved substantially. The purpose of this
section is to summarize the evolution of this improvement.

2.1 Historical Perspective

The year 1966 1is a reasonable point of reference from which to measure
progress because on October 27, 1966, Mr. H. L. Price, Director of Regqulation,
U.S. Atomic Energy Commission (AEC) appointed a task force to conduct a review
of power reactor emergency core-cooling systems and core protection.9
Mr. Price's letter of appointment stated, "Because of the increasing size and
complexity of nuclear power plants, the AEC regulatory staff ard Advisory
-Committee on Reactor Safeguards (ACRS) have become increasingly interested in
the adequacy of emergenc’ core cooling systems and the phenomena associated
with core meltdown . . ."

There are four principal driving forces that have contribu.ed to the
continual evolution and improvement of nuclear safety system codes in the
United States:

1. The a%pointment and subsequent report of the task force mentioned
above,

2. The emergency coire-cooling (ECC) hearings,lo

3. Yhe research and development ‘-onducted in accordance with the Water
Reactor Safety Program Plans,* and

4. The philosophy of nuclear safety design and evaluation that has
evolved in the United States.

The codes used by the pressurized-wator reactor (PWR) ond bolling=water
reactor (BWR) vendors have evsolved somewhat separatc.; because of the
different geomctry and translent behavior of the two reactor systems. In
fac.., the BWR codes used for LOCA analysis have remained relatively constant
in form a.d content although they have been influenced by the substantial
changes in the PWR system=-analysis codes, The main emphasis in the f[ollowing
discussions will be devoted to the PWR system-analysis code evolution unless
otherwise indicated.

FLASle is the genesis of the reactor system codes used ror large=-break
PWR LOCA analysis. It was developed in the U.S. Naval program. The following
statements from page vi of Ref. 12 will help illustrate the state of this tyne
of analysia in 1966 and the progress achieved in 14 years.

“In previous treatments of Lhe lors-of-coolant acvcident, the primary
system has bren represented by a single volume iilled with steam and
wite! . In some analyses.  the steam and water phases have been
assumed to be complelely soparated and in others, to be completely
homogencous.  Core cooling has been assumed to be ensentially perftect



until the water inventory fell below some preassigned critical value,
after which core cooling has been assumed to be essentially zero. In
using these treatments, results were found to depend critically upon
the a-priori assumptions concerning the separated or homogeneous
state of the coolant and on the value assumed for the critical water
inventory. In genreral, it has been impossible to justify any
particular .set of assumptions on technical grounds."

The authors go on to say,

"It was to avoid the necessity for making these a-priori assumptions
that FLASH was developed. FLASH divides the primary system into
three volumes, each of which contains both a homogeneous mixture and
a separated steam phase. The degree of separation is calculated
continuously. The explicit core-cooling calculations avoid the need
for any assumptions concerning water inventories."

The authors were also quite realistic about their achievement and weve pro-
phetic about where improvements could be made.

"The model used in FLASH represents a considerable simplification of
the actual system geometry. On the other hand, the FLASH model at-
tempts to account for the behavior of every component of the primary
system during a loss-of-coolant accident. At present, data on the
per formance of many of these components under the extreme off-design
conditions which prevail during a loss-of-coolant accident are un-
available. As this information becomes available, it can bc factored
in the existing structure of FLASH. For the present, however, FLASH
provides a considerab’e extension of our ability to calculate what
might happen in the primary c¢ystem during a loss-of-coolant arcident.”

Table I illustrates the chronological development of the principal PWER
oriented codes from FLASH and FLASH-Z.13 The RELAP(SE) series r14=19 and
TRAC8 have all been sponsored by the U.S. Nuclear Regulatory Commission
(USNRC) or its predecessor the Atomic Energy Commission. All the FWR vendor
codes have developed in a manner similar in substance to the USNRC-sponsored
codes) therefore, they will not be separately addressed for purposes of
brevity.

It is important ¢to note that RELAPS/MODO12 and TRAC [»‘IAJ‘3 are offset
in Table 1 to illustrate that they represent a quantum step forward in tech-
nical capability, flexibility of use, user convenience, level of experimental
assessment, and potential economy of operation. RELP5/MOD0 and 'TRAC PlA were
developed because it was clear that the RELAP series up to RELAP4 could not
achieve the technical capability, [lexibility of use, user convenience, and
economy of operation required for best-egstimate nuclear safety calculations.

2.2 Technical Evolution of System Codes

Table IT illustrates the tcechnical evolution of the computer codes ligsted
in thelr chronological order of development in Table I. Most of the cate-
gories used to classify the capabilities of the codes werc previously used in
Refii. 20 and 21. These categories are intended to be representative of the
significant progreds achieved by each coude and are not intended to be complaete
in the absolute sense of linting every improvement each code represented. The
most  piynificant advance(s) olfrred by earh code 1is highlighted bLy the
accented rectangle(s). It iz clear that TRAC and RELAPS are aquite superior
technically and mechanistically tu the other codes,

-(y=



TABLE 1
CHRONOLOGI CAL EVOLUTION OF LWR LARGE-BREAK-LOCA SYSTEM CODES

Computer Code Name Date

A. Homogeneous and Equilibrium
Hydrodynamics Equation Base:

l. FLASH May 1966

2. RELAPSE September 1966
3. FLASH-2 Arril 1967

4. RELAP 2 March 1968

5. RELAP 3 © June 1970

6. RELAP4/MOD3 October 1975
7. RELAP4/MOD5 September 1976
8. RELAP4/MOD6 January 1978
9. RELAP4/MOD? March 1980

B. Nonhomogeneous and Nonequilibrium
Hydrodynamics Equation Base

1. TRAC (PlA and BDO) PlA - March 1979
BDO - February 1980

2. RELAP 5 May 1979

It is worthwhile reflecting on the continuing incessant drive for tech-
nical excellence, completeness, and precision ijlustrated by Table I1I. In the
ongoing development of LWR technology, plant designs have hecome more
sophisticated, power densities have become higher tc improve economy, and
available reactor plant sites have become less favorable. At the same time,
people have become more concerned about the quality of their environment.
These factors, in addition to the four mentioned earlicr, generated increasing
needs fcr improved plant integrity, reliability, and assurance of safety

system performance. These increcasing needs placei further demands and
responsibilities on analysts for measureability in design and safety assess-
ment techniques and rigor in their application. The basic principles are

recognized, Special emphasis was given to determining the important LOCA
physical phenomena, translating the LOCA phenomena into eguations, solving the
equations numerically, molding the equations in computations, evaluating the
relative conservatism and realism of various assumptions, and testing the
resultant system computer cordes for completeness and precision using data from
component and systems experimenty.
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TECHNICAL COMPARISON OF LWR LARGE LOCA SYSTEM COOES
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TECHNICAL COMPARISON OF LWR LARGE LOCA SYSTEM CODES
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3. RELAP4/MOD6 DESCRIPTION AND EXAMPLE COMPUTATIONS

The RELM‘-"I”"19 computer code was developed to describe the thermal-
hydraulic behavior of LWRs subjected to postulated transients such as a
loss-of-coclant, pump failure, or nuclear power excursion. It can also
analyze the behavior of part of a system, provided the appropriate thermal-
hydraulic woundary conditions are supplied. It calculates the interrelated
effects of coolant thermal-hydraulics, system heat transfer, and core
neutronics. Because the program was developed to solve a large variety of
problems, the user must specify the applicable program options and the system
to be analyzed.

2.1 Program Status

RELAP4/MOD719 is the most recent version of the RELAP4 code to be
released for general use. At this time, RELAP4/MOD618 is probably the most
extensively used versiou of the code and most of the discussion herein refers
to this version. Where appropr:iate, improvements that are available in MOD7
will be described.

RELAP4 /MOD7 is the culmination of an extensive development etfort. This
series of codes is based on a homogeneous equilibrium fluid model (HEM) to
which many refinements have been added to give a partial account for
nonhomogeneous and nonequilibrium efiects. The advanced codes, TRAC and
RELAPS5, are based on more fundamental approaches for modeling nonhomogeneous
and noneguilibrium two-phase fluid flow, and in this respect, they represent
significant depar.ures from the RELAP4§ efforts.

In spite of the limitation of the HEM assumption, these codes have served
a very useful function and have prcvided *“he nuclear industry with a powerful
analycical capability. This capability has been utilized extensively in the
design of safety systems and has played & key role 1in the power reactor
licensing process. 1In fact, the RELAP4 code is still the basic analysis tool
for demonstrating that the licensing requirements can be met by a particular
plant design. The shift of this function to the advanced codes will occur as
experience with, and confidence in, these codes is established.

Those versions of RELAP4 up to and including RELAP4/MOD51’ were intended
primarily as blowdown and refill codes, i. v., they were designed to calculate
system phenomena from 1initial operating conditions to the time of pipc
rupture, through system decompression, and up to the initiation of <core

recovery with emergency core cooclant. In the RELAP4/MOD618 version, the
calculational capabilities were extended from blowdown and refill throuah core
reflood for PWR systems. Finally, RELAPd/MOD?19 includes improved user

conveniences and modeling improvements that permit a continuous or inteqral
calculation of the blowdown and reflood phases of a LOCA.

The evolution of RELMP4 has passed through many cycles of model revision
and addition to extend its applicability to situations wherce the basic

assumptions were inudequate. ‘his process led to the production of model: to
account for nonhomogeneous and nonpequilibrium effects. These models are hot
completely general and, consequently, require considerable knowledge on the
part of the user to produce correct results, For these reasons, and in vicw

of the progress of the advancced codes, the RELAP4/MOD7 version of the code in
to be the last of this series,
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3.2 'Model Description

The RELAP4,MOD6 program consists of program controls, fluid dy~amics
models, heat transfer models, and a reactor kinetics model, all coupled by a
numerical solution scheme that advances in time. Each of these parts 1is
summarized in the following pragraphs.

Program Controls. The program input features are used to specify the
problem dimensions and constants, time-step Eize, trip controls for reactor-
system transient behavior, and output. Controls are alsc provided for

restarting a problem and producing a plotting tape. There are three basic
options that are selected by input--Standard RELAP4, RELAP4-EM, and RELAP
COMNTAINMENT.

Hydrodynamic Model. The basic modeling philosophy embodied in the RELAP4
code is one in which the system to be modeled is divided into a number of
subcontrol volumes that are connected b junctions or flow paths. Mass and
energy are corserved 1in each control volume and an approximate momentum
eguation is used to calculate the flow at each Jjunction. As RELAP4 has
evolved, numerous specialized models have been develoned to account for
phenomena such as phase separation, thermal nonequilibrium, heat-transfer

effects, pumps, valves, multiple stream mixing, etc. The user must specify
through the program controls which of these models 1s to be used in a
particular problem. Such modeling decisions do influence the results, and

care must be taken that the models are not misappli2d. The model variations
are too numerous to describe in this limited discussion, so the interested
reader 1s referred to the users manualn.17'

The RELAP4 hydrodynamic model it based on the assumption that the [low
process is essentially one-dimensioral so that area-averaged properties can be

represented as functions of one space variable and time, In addition, the
basic model assumes a homogenzous and equilibrium mixture exists at each point
in the system. The mass, energy, and flow equations are 1ntegrated over a

fixed control volume to obtain inteqgrated stream-tube differcntial relations.

The HEM model includes only the mixture mass conservation equation. The
basic mass=dependcnt variahle is the fluid total mass or the density in each
control volume. The mass fluxes at each junction connected to a control
volume are defined by incans of a donor formulation, i.c¢., the fluid properties
of the sourcr are uscd to compute the mass f(Jlux. A Wwilson bubble rise
model?? can be selected by the user to approximate nonhomogeneous effecta in
vertical control volumes, and a slip model is available for approximation of
nonhomogenous effects in horizontal control volumes. Both of these models use
emperical constants specified by the users. ,

Like the mass eqguation, the HEM model only includes the mixture total
energy equation. The mixture internal energy in the fluid control volume is
the fundamental dependent variable and is expresseu in terms of the junction
energy flux and fluid total enthalpy. Here again, a donor formulation is used
to establish the junction energy properties, although an "enthalpy transport"
model can be specified to give a partial account for nonhomogenous and non-
equilibrium effects. The enthalpy transpurt model conaists of a guasi-steady
approximation to the distribution/encrgy source terms so thnat the junction or
"edge" cnergics differ from the volume averaga values in a manner dependent
upon the procosti.  This model can be used to approximate the nonequilibrivm
effects downstream of emerqoncy core coolant (E¢C) injection pnints and to
approxjimate the energy gradients present in the reflood procesu,
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Four basic forms of the fluid flow equation have evolved and are included
in RELAP4.17 Each form is based on a particular set of assumptions. The
user must choose the form most appropriate for a particular junction. The
four basic forms are: Form l--Compressible Single-Stream Flow with Momentum
Flux, Form 2--Compressible T7Two-Stream Flow with One-Dimensional Momentum
Mixing, Form 3--Incompressible Single-Stream Flow without Momentum Flux, and
Form 4--Compressible Single-Stream Integral Momentum Equation.

The choice of the flow equation form depends upon the purpose and detail
of the desired calculation., Forms 1 and 2 include a one-dimensional moment.um
flux term. These are applicable when the control volumes represent 2 one-
dimensional stream tube. Form 2 should be used only when two streams can
combine and exchange momenta on a one-dimensional basis. Form 3 provides ar
alternate to the compressible flow eguation with the momentum flux term for
modeling nmnwultidimensional geometries, An alternate form of the momentum
equaticn developed by Zuber is cbtained by wusing a different control
volume approach yielding the compressible integral momentum eguation (Form 4).

Heat Transfer Model. The transfer of thermal energy botween the fluid and
the boundaries is modeled by a combination of transient conduction and
convective heat transfer correlations. The thermal interactions that are
modeled in this way include reactor fuel pin to fluid, steam generator primary
fluid to wall to secondary fluid, and vessel/piping system stored energy to
fluid. Models also exist for internal heat generation in the wall or fluid
due to electrical or gamma heating. The transient conduction is calculated
using a Crank=-Nickolson finite difference technique for the one-dimensional
transient heat conduction equation.24 Slab, «cylindrical, or spherical
geometry can be represented, The «qeometry and conditions of the heat
conductor are specified by the user,

The convective heat transfer at fluid boundary interfaces is the boundary
condition for the transient conduction solution and is the source or sink of
thermal energy to the fluid, The code uses convective heat transfer
correlations to calculate the critical heat flux (CHF), pre-CHF heat transfcr,
and post~-CHF heat transfer. The basic approach used in RELAP4/MDD6 is to
construct a heat trancfer surface for the wall heat flux as a function of the
wall superhcat and fluid quality. This heat flux surface is constructed from
a variety of correlations for different ranges of the independent variables.
In gene:ral, it 1s necessary to represent a wide range of conditions from
subcnoled liquid forced convection to two~phasc tilm boiling. The details of
this subject are discussed in other chaptrrs. The users manual for a parti-
cular code version of interest should be consulted for specific information on
the correlations used,

Component Models. The hydrodynamic and heat transfer models are quite
general and can be applied to any thermal-fluid system (within limits
estahlished by the basic ussumptions). However, there are several models that
are specific to certain component:s such as pumps, jet pumps, fuel rods,
valve:, controls, etc. These are briefly described in the following,

Both the quasi-steady hydrodynamic performance and the transient cporation
of a centrifugal pump are modeled. The guasi-gteady performance is modeled
using emperically established homologous curves that relate the centrifugal
pump similarity parameters for single-phase operation, ['rom these curves any
one of the parameters (head, volumetric flow, or speed) can be establinhed

from the remaining two, bump  performance under two-phase conditions is
modelnrd using a head degradation parameter, which s a tunction of the pumped
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fluid void fraction. The transient mechanical obération of the pump is
modeled by applying the angular acceleration relation for the pump and motor.
The motor power is variable to enable pump trip and coastdown to be simulated.

For jet pumps, the momentum exchange between the drive flow and the pumped
fluid is modeled using a special form of the momentum equation that includes
the mixing effect of multiple streams at different velocities. Discon-
tinuities that oc~ur upon flcw reversal are smoothed.

The ruel model consists of a space independent model for the fission- and
radioactive-decay energy generation processes. The model includes reactivity
feedback effects from the fuel temperature, water density, and water tempera-
tures. The kinetics equations are solved using a numerical method similar to
the ITREKIN2® code. The thermal energy generated in the fuel is transferred
to the coolant by means of conduction through the ceramic fuel pellet, across
the interface/gap between the fuel and the clad, and finally, across the
clad. The conduction through the fuel pellet and the clad can be accurately
characterized, but the conduction across the fuel/clad interface requires
greater detail. The gap dimension varirs with fuel and clad temperature and
even when the fuel and clad are in contact, there remains a significant resis-
tance. A dynamic fuel model s included for establishing the gap resistance
due to change in the gap dimensions and change in pressure of the gas within
the gap. Several other phenomena such as axial fuel/clad expansion, fuel/clad
swelling, and metal-water reaction are also considered in the fuel model.

on/off and check-valve models are included. The on/off valve is acti-
vated by a logical test on one or a combination of system variables such as
time, pressure, temperature, etc. The check=-valve model can include the
effect of fluid forcec and the inertia of the pop: t.

Conirol functions can be simulated by means of logical trips using time or
any system parameterc. The action that can be taken includec reactor scram,
open/close valves, motore on/off, and even some change to th¢ models that are
employed for a period of operation.

Solution Method. The basic numerical scheme used in RELAP4/MOD6 and MOD7?
is essentially the same as the original scheme developed for the FLASH4
code. The approach consists of expressing the pressure in each control
volume in terms of the corresponding mass and energy that exist in the volune
at the end of a finite time interval. The expressions thus obtained for the
pressures are in terms of the junction mass and energy fluxes so that substi-
tution of these expressions into the momentum or flow equations at the appro-
priate junctions results in a system of coupled linear difference equations
for the junctions flows. The coupling for a system of consecutive control
volumes is such that a tridiagonal matrix of linear equations in the new time
junction flows ic obtained.

When branches or cross connections are present, the solution matrix is5 no
longer tridiagonal. Thus the general solution scheme fcr the system of
equations consints ol a reduction algorithm by which the tridiagunal portions
of the matrix are reduced directly followed by inversion of the reduced
matrix. The matrix inversion can be accomplished by direct or iterative
methoda., The RELAP4/MUD6 solution scheme uses a direct matrix solver lor
amall npystems, less than 14 volume:s, and an {terative scheme for large nys-
tems. When the iterative solution scheme is used, the time step must be amall
enough to olitain a diagonally dominant matrix.
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Once - the solution for the junction flows is obtained, the remaining
variables such as control volume mass, energy, pressure, etc., are ohtained by
back substitution into the respective conservation equations and use of the
constitutive relations (equaticn-of-state, wall friction, heat transfer, 2tc.).

Programming. The RELAP4 program is written in FORTRAN IV, and the MODS5
and MOD6 versions are operable on both the IBM-360 and CDC-7600 computers;
while the MOD?7 version jis only operable on the CDC~7600 and -176 series compu-
ters. The unning time of a RELAP4/MOD6 loss-of-coolant problem can vary from
minutes t~ urs, depending primarily upon the number of fluid volumes used,
the coolar break size, and the number of heat conduction nodes used through-
out a given system representation. For LWR models ranging from 15 to 40 fluid
volumes, running *+ime through refill may range from 15 to 60 minutes or more
on the CDC-7600 and from 2 to 8 hours or more on the IBM-360/75.

3.4 RELAP4 Example Calculations

The RELAP4/MOD6 code has been used extensively in integral system simula-
tions for some time, and for this reason, we will present results for onc¢
‘integral experiment. Thc example is a recent Semiscale Mod-3 test, S-07-6,
which was included in the assessment effort on RELAP4/MOD6.28 This experi=-
ment has also been modeled using RELAP5 and thus serves as a basis for com-
parison of the relative performance of the codes.

Mod-3 designates the latest major hardware modifications in the¢ Semiscale
Test Facility. Whereas early Semiscale testing was directed towarcd Loss-of-
Fluid Test Facility (‘LOFT) counterpart and blowdown heat transfer experiments,
Mod-3 was designed to model LOCA hehavior in PWRs more easily.29 The Mod=-1
system differs from the previously operated Mod-1 system in three important
aspects, First, Mod-3 has ¢ new vessel that contuins a full=-length (3 64-m)
heated core, has a full-length upper plenum and upper head with internal
structures repruesentative of those in a full-sjized PWR with upper=heal
injection (UHI), and has an external downcomer, Second, an active pump and an
active steam gecnerator have becen added to the broken loop. Third, the break
simulation has the capability to represent communicative breaks of various
sizes. Fig. 1 is an isometric sketch of the Mod-3 facility showing the moue
important features.

Test 5~07-6 was the first intedqral blowdown and reflood experiment to Lre
performed in the Mod-=3 system, The test was a 200% cold-leg break with
cold-leg ECC injection. A complete sct of initial and operating conditions
for this test is given in Pef. 10.

RELAP4/MODG Model for Semincalg_ﬂod-] Teat 5-07-6. 'I'wo RLLAP4/MODG modier)n
were used to predict the behavior of Test §-07-6.78 A blowdown model wa:

used to caiculute the transient response from the time of the simulated piping
break until the end ot the lowerr=plenum refill, A separate teflood model wan
unsed to moderl the reflood period through rod quench,

The model nodalization diagram used in the analysis of the blowdown ana
refill phase: {8 shown in Fig. 2. The model {ncludes 52 control volumey and
67 junctions, One control volum: in used to preprepent the lower plenum, one
the core mixer box, and two netn ol 9% volumen for the hot and averayge channel:n
in the core. The inlet annulus, guide tube, aupport tubon, and the uypper head
are each roeprenented by one volume, ‘The downcomer and upper plenum are each

repredented hy three volumes,
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A total of 50 heat slabs was used tu represent heat conducting solids in
contact with the coolent in the core, downcomer, steam generators, vessel, and
piping. The high-power rods in the core are represented by 12 axially-stacked
heat slabs, and the low-power rods are similarly represented by 5 heat slabs.

The heat transfer correlations wused in the calculation are highly
influential in determining the core thermal and hydraulic response. 1In this
pretest prediction, the set of RELAP4 heat transfer correlations designated
HTS2 was used. The heat transfer correlations as they are applied in specific
regions of the boiling curve are tabulated in Table III.

The vertical-slip option was used in all downcomer, core~, guide- and
support=-tube junctions. The bubble-rise option was used in the following
locations: (1) intact- and broken~locop accumulators, (2) the pressurizer,
(3) the intact- and b.oken-loop steam-generator secondaries, (4) the pressure
suppression tank, and (5) the upper head. The bubble-rise model was used in

the upp.r and lower plenum, to be consistent with the use of the slip model in
the core.
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TABLE III

RELAP4/MOD6 HEAT-TRANSFER CORRELATIONS, TEST S§-07-6

Region Correlation
Subcooled forced convection Dittus Boelter
Saturated nucleate boiling Chen
Subcooled nucleate boiling Modified Chen
High-flow transition boiling Modified Ton-Young
High-flow film boiling Condie-Bengston
Forced convectinn to vapor Dittus-Boelter
Low flow, low void fraction Hsu and Bromley~Pomeranz

The critical-flow model used was the Henry-Fauske/Homogeneous Equilibrium
model (HF/HEM). A multiplier of 0.84 was used witch the HEM for saturated
blowdown and 1.0 was used with the subcooled and saturated HF critical-flow
model, The transition quality was set to the default value of 0.02., The
break no.zles are modeled as Junctions 26 and 27.

Retlood Analysis Model. The nodalization diagram for the model used to
analyze the reflood portion is similar to that for the tlowdown portior, shown
in Fig. 2, but with the following differences., The downcomer is modeled by two
fluid volumes rather than the four volumes used during blowdown. The pres-
surizer volume was discarded to reduce computer running time since the pres-
surizer empties during blowdown. Further ncdalization changes include fewer
volumes in piping, plena, and the steam-generator primary side.

The incompressible momentum equation form that excludes momentum=tlux
terms was used for the reflood analysis, i.e., kinetic terms were assumed to
bhe small. Phase separation was modeled in the upper plenum and in the two
downcomer volumes. For the upper plenum, the Wilson bubble-rise model was
used. Complete phase separatio, was assumed for the downcomer volumes.

initial conditions lor the reflood analysis were taken from the blowdown
analysis at the calculatnd end of lower plenum refill. Because the
nodalization was different for the two analyses, an attempt was mad: to
preserve fluid quality in regions that were lumped together. Heater rod
temperatures were reinitialized at current fluild temperaturea. ECC injection
wuas specified by extrapolating calculated ECC Lenr 'ior from blowdown throudh
accumulator emptyirg and continuing the low-pressurc injection.

Principal performance evaluators !'or the blowdown transient are system
prersure  for hydraulic processes and  hot-channel cladding temperature
histories for thermal response.  An important diagnustic indicator is the
density fluid in the lower plenum. Figure 3 shows a comparinon of system
presusure between calculation and experiment. The agrecment s adequate until
about 13 15 into the tranasient. After that the calculated depressurization
rate is greater than the measurcd rate and the experimental end of bLlowdown
lags the calculated time by about 15 s. Thus, the analysis shown the end of
the refill period to be at about 45 8, whercas in the experiment, this event
occurs after 50 8. The cladding temperuture history in the hot channel (Fig.
4) Indicaten an underprediction of the maxinum temperature by as much an 75 K.
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Fig. 1. System pressure history for Test S§-07-6 blowdown.

1 = Code 7 = Data

1200 T T T —

1069 |-

Gurfasce Temperetuwrs KK
]

a0 | ] 1 |
0 10 20 39 0 =0

Twne Cod
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Reflood Calculations and_ Data_ Comparisons. The reflood phase was
considered to start at 45 8 into the transient. This wan the calculated time-
to-lower-plenum refill. buring refllood, the maximum cladding temperature,
time to temperature turnaround, and time~to-rod quench arce normally considered
to be important performance evaluatorn, Parametars such asm the downcomer
liquid level, core liquid level, and core inlet dennity are considered
diagnostic indicatorn.

-19-



L ==flrqisest R=Data

S0 .
1o I T T T
a 1000 | ]
;
\
[ J
o
“
2
]
i .
o] 509 =
0
9 1w 200 300 400 S0

Time Cad

Fig. 5. Calculated and measured core inlet density, Test S-07-6 refloucd.

Figure 5 shows the core inle¢t density as calculated and measured. The
measurement shows @ voiding of the core at about 100 s, followed by a long-
period oscillation in the inlet flow. The calculation indicates that the
fluid at the core inlet remains a dernse liquid. The observed downcomer void-
ing also followed the pattern of cure inlet density, wherecas the calculation
shows the downcomer to remain liquid-filled.

The base-case code-data comparisons demonstrated a need for incorporating
mechanisms of liquid volding in the modeling of the Semiscale Mod=-3 down-
comer. A primary contributor to this vuiding behavior was determined, on
prstteat review, to be extensive vapor generation attributable to unantici-
pa: 2d heat transfer from the downcomer wall to the fluid. An additional study
was made, incorporating wall heat transfer in the analysis and providing zomc
facility for voiding downcomer 1liquid by changing to a Wilson bubble-riue
model in the downcofer volumes. The results of the study indicated a tendency
to improve but failed to provide acceptable code-data agreement.

Temperaturc hist-.1es are shcwn in Pig. 6 for the cladding at a locaticvn
approximately at cores midplane. The measured temperature is compared with the
results of both the base-cuse analysin and the revised analysis. When voiding
first occurs at alxut 100 5, both analysis and measurement (Fig. 6} show a
tendency for the temprrature to decrexse as the core outlet (f.ow alsou
decreares.  This de-reruye is followed by a slight temperature rise in the
revised caleulation and ~ major rise in the measured temperature~=-the differ-
ence beiny attributable (o the fallure of the calculation to sustain the
vaiding characteristic,
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hot channel for Test S-07-6 with additional calculation,

4, PRELAPS5 DESCRIPTION AND EXAMPLE COMPUTATIONS

The RELAPS development objective® is an economical and user-convenient
code for system transient simulation of LWR LOCA and non-LOCA transients.
RELAPS i an advanced, one-dimensional, fast-running system analysis code. It
is a completely new code based on a nonhomogeneous, nonequlibrium hydrodynamic
model and features top-down structura) design with the significant program-
ming elements coupled in modular fashion. To a great extent, the development
of RELAP5 has been influenced by the experience gained through the development
and usage of the RiLAP4 series of codes. This 1Is ev.dent in the emphasis
placed on the convenience with which both the developcr and the user can
interface with the code.

The RELAP5 code includes the thermal-hydraulic and mechanical models used
to describe the processes that occur during transient operation and postulated
accidents 1in an LWR. Cumponent process models are included for pipes,
branches, abrupt flow area changes, pumps, accumulator, valves, plant trips,
heat traasfer, neutronics, and choked f{low. These, as well as other mou~lis,
have been inteyrated into a versatile system code framework.,

4.1 Progra:: Status
The RELAP5 code i now operational, has been tested on hypothetical problems
as well as actua. experimental systems, and is in use at the Idaho National

Engineering Laboratnry for ore and posttest predictions ol the LOFT, Semiscale
and PBF experiments. The first version, RELAPS/MODO, is available from the
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National ' Energy Software Center at Argonne National Laboratory. A code
description and user's manual are also available. All the discussion and
example cor putations presented herein refer to this version that was developed
for modeling the blowdown portion of an LWR LOCA. Development of RELAPS is
continuing, and a new version will be completed during 1980 that includes an
accumulator model, point neutronics, a noncondensiblie component of the vapor
phase, small-break stratification models, improved heat transfer models, and
faster running capability,

4.3 Model Description

¥X§rodynamic Model. The hydrodynamic model developed for the RELAP5S
code3 =33 jncludes the important physics of the two-phase-flow process,
while incorporating any simplifying assumptions consistent with the end use of
the model. The principal simplification is that one of the phases exists at
the saturation state. Generally, it is sufficient to specify that the least
massive phase be at saturation, i.e., the phase  that is either appearing or
disappearing. The specificat on of one phase temperature greatly reduces the
amount of constitutive information that must be provided relative to inter-
phase and overall energy transfer. All interphase energy transfer mechanisms
are implicitly lumped in the vapor mass generation model. Thus, a single
correlation replaces the need for constitutive relations for interphase energy
transfer, distribution of external energy transfer between prnas»s:. and distri-
bution of energqy transfer between sensible heat and heat of vaporizacion. In
addition, only a single overall energy equation is required.

The two-fluid nonequilibrium hydrodynamic model includes options for
simpler hydrodynamic models. Included are a homogeneous flow model and/or a
therm ' equilibrium model. The two-fluid or homogeneous fiow models can be
used with either the noneaguilibrium or equilibrium thermal models, i.e., four
combinations. The primary reason for inclusion of the homogeneous/equilibrium
option is to permit the code to be compared to existing HEM code results such
as RELAP4 for the purpose of checkout and development.

Field Eguations. The basic field equations34 for the two-fluid n.n-
equilibrium model consist of the two phasic continuity equations, the two
phasic momentum equations, and the mixture total energy equation--a totul of
five equations. The equations are employed in stream-tube differential form
with time and one space dimension as independent variables and in terms of
" devendent variables, which are time- and volume-averaged gquantities. The
phasic mass conservation equations are summed and differenced to obta.n a
" mixture continuity equation and an equation for the temporal variation of the

mixture quality.

The phasic momentum equations are also used as a sum and differrnce. The
sum equation is obtained by dircct summation of the phasic momentum equation:
with the interface conditions substitited where appropriate. The difference
of the phasic momentum equaticns is obtained by first dividing the vapor and
liquid phasic momentum equations by the respective product of phasic void
fraction and density and, subsecuently, subtracting, Here again, the inter-
face momentum conditions arc employed.

The mixture total energy equation is obtained by summing the phasic
encryy vquations. This mixture equation is transformed into the equivalent
thermal energy cquation by using the momentum equations to obtain a mechanical
energy equation, which is subsequently subtracted from the total energy
cqquation, Here aqain the interface conditions are employed to simplify the
tresulting ecnergy equation. The reason for selecting the thermal enoeryy
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equation rather than the total energy equation is that the development of the
numerical scheme is simplified. The thermal energy equation does not involve
time derivatives of the kinetic energy and thus fewer new time variables will
appear in the approximate finite difference equations.

State Relations. The dependent variables that appear as temporal and/or
spatial derivatives in the five field eguations are density, pressure, static
quality, mixture internal energy, and the two phasic velccities. The phasic
prorerties also appear in the spatial derivatives and as coefficients of the
derivatives. To obtain a determinant system, the state relationship must be
employed wherein density and the phasic properties are expressed as functions
of the pressure, static quality, an3 mixture internal energy. The state or
the system is established from this information and from the specification
that one of the phases exists at the prevailing saturation condition.

The state of each phase is estallished by specification of the pressure
and phasic internal energy (only the pressure is needed to specify the state
of the saturated phase). For the case of subcooled 1liquid or suverheated
vapor, these states are establighed us.ng tabular equilibrium data as a func-
tion of the pressure and phasic internal enecrgy. For the pseudo states of
superheated liquid and subcooled steam, the properties are extrapolated along
isobars using property derivatives evaluated at <%“ne corresponding saturation
state.

In addition to the state properties, derivatives of the mixture density
with respect o the pressure, static quality, and mixture internal energy are
required in che numerical solutic scheme. These der-vatives can be expressed
in terms of the isothermal ccmpressibility and che isobaric coefficient of
thermal expansion, both of which are available from the state properties data.

Constitutiv  Relations. A primary feature of the RELAP5 hydrodynamic
model is that only two basic interphase constitutive relations are required,
i.e., interphase mass transfer and interphase drag. The specification that
one phase exists at local saturation conditions replaces the necd for enercy
transfer and partitioning constitutive relations, both between phases and
between eact phase and the wall. The only heat transfer correlation required
is the overall wall-to-fluid correlation. The RELAP4/MOD618 convective heat
transfer correlations are used for this purpose. The remaining required
constitutive relation is for wall friction. Here again, an existing two-phase
multiplier correlation has been adapted.

In summary, four constitutive relations are required by the hydrodynamic
model--the vapor generation rate, the interphase drag, the wall friction, and
the wall heat transfer. These relations are primarily empirical in nature as
opposed to the field equations that characterize the fluid dynamic behavior.
However, the -~Lility of any numerical hydrodynamic model to agree with or
predict physical phenomena with accuracy will depend heavily on the accuracy
of the constitutive relations.

The vapor generation rate is the result of secveral mechanisms such as
interphase energy transfer rate, the energy partitioning between phase change
and sensible heat, interphasr surface area, hnucleation site density,
turbulence level, etc. Tn RELAPS5, all of these separate but interacting
mechanisms are modeled by 4 sindle Jdimensionless correlation. This vapor
generation model was developed by merging the results of three independent and
widely varying investigations. The three approaches are (1) a mechanistic
model by Jones and Saha3? based on interphase energy exchanae, (2) an
empirical dimensional correlation by Houdayer, et al.,3% from the Moby Dick
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data, and (3) the results of a dimensional analysis to establish the dimen-
sionless groups and functional form of the vapor generation rate. The last of
these efforts was completed as a part of the RELAPS project.3 in order to
establish the scale dependence of the vapor gcneration function.

Interphase drag consists of two parts--the dynamic drag due to the
virtual mass adcceleration and the steady drag arising from viscous shear
between phasesf The dynamic drag has been included because of the effect it
has on the sound speed and hence, the chokiny criterion. The dynamic drag is
calculated based on the induced mass of a spherical bubble (or drop}) in a
mixture of vapor buhbles (or liquid drops) and ligquid »>r vapor). The steady
drag depends on the flow regime and the relative phase v locity.

The flow regime map used in RELAPS is a simplified Bennett map37 for
vertical flow and is similar to the one used by TRAC. 8 The flow regimes are
classified into the general categories of dispersed, separated, churn
turbulent, andé transitional flow.

Constitutive relations for the steady drag are formulated for the
separated and dispersed flows based on semimechanistic models. The drag in
the transition regimes is calculated by linear interpolation on tne reciprocal
values of the separated or dispersed-flow drag coefficients defined at the
bouridaries of the particular transition region. This yield. e continuous
variation in the calculated :relative velocity., The calculaticn of the drag
due tc the virtual mass effec: is based on an objective and symmetric formu-
lation of the relative acceleration proposed by Lahey.38 This formulation
involves spatial and temporal derivatives of the FEuase velocities with a
correlation for the virtual mass coefficient of Zuber's.”-

The wall friction force terms only include wall shear effects. Form
losses due to abrupt area change are calculated using mechanistic form-lecss
models. Other form losses due to elbows or complicated flow passage geomnetry
are modeled by specified energy loss coefficients. Wall shear losses in
piping systems are usually sma.il compared to form losses, thus a relatively

simple approach that yields an accurate steady-state f{rictional pressure drop
is employed.

The HTFS modification of the Baroczy two-phase friction multiplicr
correlation? was used with the Colebrook correlation for the single phase
friction factor including wall roughness effects. Both laminar and turbhulent
flow regimes are included. The two-fluid hydrodynamic model requires that the
wall friction force be partitioned between the liquid and vapor phases. The
method used in RELAP5 1s bLased on void fracti.n partitioning of the friction
force. The phasic friction components are normalized so that the sum of the
phasic frictional forces agrees with that derived from the two-phasc
mul tiplier approvch.

Heat Transfer Correlalion:;. The wall heat transfer correlations used 1n
RELAP5/MOD0 arc adaptations of the blowdown heat transfer package fronm
RE[.AP4/MODG.18 In adapting the RELAP4 package, the correlations were con-
verted to scientific notation units and only the Condie-Bengstun correlation:
were retained for uuse in the transition and film boiling reqions. In addi-
tion, the procedure for applying correlations was modified to eliminate the
nerd for iteration and to allow :the same pro¢edure to be usable for both
steady-state and transient calculations.




‘special Frocess Models. Special models are used in RELAP5 for those
processes that have small relaxation times or are so complex in nature that

they must be modeled by quasi-steady empirical models. Break flow, internal
choking, abrupt area change, and branching are examples of processes having
short relaxation times compared to component transport times. The hydro-

dynamic performance of pumps and valves are examples of processes that are too
complex to be modeled from first principles, so empirical correlations are
used. The useé of quasi-steady models for break flow and flow at abrupt area
changes results in considerable computer time savings since it eliminates the
need for fine nodalization at such points.

A break flow model“’42 is included for calculation of the mass
discharge from the system at such points as a pipe break or a nozzle in the
case of scaled experiments 1li'e Semiscale or LOFT. Generally, the flow at
such breaks is choked unt:il the system pressure nears the containment pres-
sure. The RELAPS break flow model is used to predict the flow at such system
discharge points and is also used to predict and calculate choked flow at
internal points in the system. The model is based on characteristic theory in
which a criterion is developed for the conditions under which propagation of
pressure signals upstream just ceases. This theory applies to all two-phase
conditions. Additional theoretical considerations have been employed to
extend the break flow model to conditions of subcooled liquid flow that
flashes at the point of mass discharge.

The general reactor system contains piping networks that consist of many
sudden area changes and orifices. In order to apply more efficiently the
hydrodynamic model to such systems, analytical models for these components
have been developed.?3 The RELAPS abrupt-area-change model is based on the
Bourda—Carnot44 formulation for a sudden enlargement and standard pipe flow
relations, including vena-contracta effect, for sudden contractions and/or
orifices. Quasi-steady continuity and momentum balances are employed at
points of abrupt area change. The numerical implementation of these balances
is such that the hydrodynamic losses are independent of the upstream and the
downstream nodalization. 1In effect, the guasi-steady balances are employed a=s
jump conditions that couple fluid components having abrupt change in cross-
sectional area. This coupling process is achieved without change tu the basic
linear semi-implicit numerical time-advancement scheme.

In order to model flow in interconnected piping networks, it is necesgcary
to model the two-phase fluid process at tees, wyes, an' plenums. A general
description of the two-phase flow process is complicated by the possibility of
phase sgeparation effects. However, there are many situatiins where wye or
plenum branching is adequate for both flow merging and division. Typical
situations are parallel flow paths through the reactor corec, jet pump {low
mixing sections, and any branch from a vessel of larde cross uection (in this
case the fluid momentum is small and it is entirely permissible to neglect the

momentum convective terms). For branching situations where phase separation
cffects due to momentum and/or body force effects arc important, a branchinc
algorithm has been dCanopnd7 in which the parallel or wye branching more]

is used to map the two-dimensional situation onto the onc=-dumensional space of
the fluid model.

The RELAPS pump model s a straightlorward conversion »f the RELAPG
centrifugal pump model. 17  he pump is interfaced to the unegual velocity
hydrodynamic model of RELAPS quite simply by assuming that the head devrloped
by the pump iu similar to a body force term that appears only in the mixture



momentum equation. The pump dissipation term for the thermal energy equation
is computed from the total pump power (given by torque times rotational speed)
minus the rate of fluid reversible energy addition.

Numerical Methods. The RELAPS numerical solution scheme34 is based on
replacing the system of differential equations with a system of finite dif-
ference equations, which are partially implicit in time. In all cases, the
implicit terms are formulated to produce a linear time advancement matrix,
which is solved by direct inversion using a sparse matrix algorithm. An addi-
tional feature of the scheme is that the implicitness has been selected such
that the five field equations can be reduced to a single difference equation
per fluid control volume or mesh cell in terms of the hydrodynamic pressure.
Thus, only an NxN system of difference equations must be solved simultaneously
at each time step. (N i the total rumber of control volumes used to simulate
the fluid >ystem.)

The difference equations are based on the concept of a corntrol volume or
"mesh cell" in which mass and energy are conserved by equating accumulation to
rate of influx through the cell boundaries. This results in defining mass and
energy volume average properties and requiring knowledge of velocities at the
volume inlets and outlets (junctions). "ne junction velocities are conve-
niently defined through use of momentum control volumes that are centerrd on
the mass and energy cell inlets and outlets. This produces a numerical r~hemc
having a staggered spatial mecsh. The scaler properties (pressure, energy, and
quality) of the flow are defined at cell centers and vector quantities (velo-
cities) are defined at the cell junctions. The resulting one-dimensicnal
spatial noding is illustrated in Fig. 7. The term cell is used throughout the
discussion to mean an increment in the spatial variable corresponding to the
mass and energy control volume.

The mass and energy dilference equations for each cell are obtained by
integrating the stream~tubr~ formulations for the mass and energy equations
with respect to the spatial variable, x, from the junction at x; to Xi41e
The momentum equations, on the other hand, are inteqrated with respect to the
spatial variable from cell center to adjoiliing cell center (xg to Xx;) asu
seen in Fig. 7. In all cases, the correlation coefficents for averaged pro-

ducts are taken as unity so that averaged products are replaced directly with
products of averages.

Several gene:al guidelines were followed .n developing the overall
numerical schueme. These cuidclines are summarized below.

1. Mass and cnergy inventories are very important quantities in water
teactor sofety analysis and as such the numerical scheme dhould be
connistent and congservative in these quantities (a greater degrec of
approximation for momentum etfects wag considered acceptable}. Both
mass and encrgy are convected from the same cell and each is evalu-
ated at the same time level (i.e., mass denslty is evaluated at old
time level 80 energy density ia also evaluated at old time),

2. In order to achiove fast exccution apeed, implicit evaluation g used
only for those terms necengary for numecical stability, elimination of
the wave propavation time=-natep limit, and ihose phenomena known to

have small time cor tants. Thun, implicit evaluation is used for the
volocity in macs and eneiay Lransport terms, the preesaure gradient in
the momentum cguations, and the interphase mans and momentum exchangr
terms.,
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Fig. 7. Difference equation nodalization schematic.

3. To further enhance computing speed, the time level evalutions were
selected so that the resulting implicit terms are linear in the new
time variables. Where it was necessary to retain nonlinearities, two
term Taylor series expansions about old time values were used to
obtain a formulation linear in the new time variables (higher order
terms were neglected). High computing speed is achieved by eliminat-
ing the need to solve large systems of nonlinear eguations iteratively.

A well-posed numerical problem is obtained as the result of several fac-
tors. Theee include the selective use of implicitness (evaluation of spatial
gradient terms at the new time), donor formulations for the mass and energy
flux terms and use of a "donor-like" formulation for the momentum flux terms.
The well-posed final numerical scheme (as well as its accuracy) has benn
demonstrated by extensive numerical testing during development.

System Code Development. The primary emphasis in the system code desian
of RELAP5 has been to achieve an economical code. Attention has been focused
on reducing computer time per mesh point per advancement. Time sntep control
algorithms have been included to minimize the number of advancements. Dynamic
storage has heen used to keep the computer memory rocquirements to a minimum.

The user's time in  cotting up, debugqging, and interpreting results in aloo

significant. User conveniences significantly reduce overall simulation
costs. The osystem code includes many modeliny disciplines such as hydro-
dynamics, punps, valve actionn, heat transfer, and neutronics. Because the

details of the system must bLe described to the program, the requirement for a
large amount of data cannot be avoided. Thus, user-oricnted input, extennive
error checking, and several forms of printed and plotted output are prouvided.

Exprrience gained from the development and use of RELAP4 haes shown that to
achieve true economy, the code structure munt provide for ease ol addition and
modlfication, care has bheen taken in RELAPS to ntructure data files and
program organization in a modular fashion in order to achieve this qoal.
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The RELAPS5 code is organized into four basic parts: input, steady-state
initialization, transient calculations, and the output functions. Each of
these parts is summarized in the following.

The code contains extensive input processing routines designed to help the
user find input errors and in a small number of checkout runs to obtain an
error-free input data deck. The input processor is designed to process all
input for every joh submitted and to list the errors. In this respect the
input routine is similar to a FORTRAN complier. The error-checking routines
find i1mpossible or conflicting data specifications and misapplications of the
various models. The input routines also process program control data for such
functions as major/minor edits, writing of restart records, and creation of
plot files.

The steady-state portion of the code iIs intended to produce the initial
conditions for starting transient calculations. This capability is currently
incomplete, and the input and generalized restart features are used to provide
this function. The initial conditions can be input, or a transient calcula-
tion can be made to achieve a steady state and then the generalized restart
feature is used to modify the configuration and initiate the transient,
Transient hydrodynamic, heat transfer, and neutronics calculations are
performed in the transient portion of the code. Other functions are time-step
regulations and trip logic calculations,

The output portion of RELAPS provides both major and minor output edits at
specified intervals, prepares restart records, and generates plot files for
graphical output. RELAPS has an internal plotting feature for graphical
output, and can also be used with any external plottiny package. Internal
diagnostic edits are provided whenever the code {ails due tn water property
errors, which are generally symptomatic of an unrealistic modeling condition.

4.4 RELAPS5 Example Calculations

The RELAPS5 code has been used to model several gsenarate-nffects experi-
ments and some limited system experiments. The separate effects experiments
that have been modeled include the Edwards 3-inch%® and 8-inch pipe hlow=-
downs; the Edwards Phase II two-pipe blowdown; the Moby Dick Run 447; the
General Electric one-foot vessel level swell; the Murviken III Tests 4.41
22, and 24; Semiscale Tests Mod=2 S=01-4a, Mod-2 S-06-2, and Mod-J S—07-6;°7
and the LOFT Tests L3-0, L3-1, and L3~2. These tests have been used for
developmental assessment. In all cases thn performance achicved using the
code has been good. The LOFT system tegt simulations are the must recent
applications of the code and good agreement with data was achicved while
requiring a CPU time less than real time for the L3-2 experimcnt prepediction.

Three represcntative applications of the code that will be summarized in
the following discussion are the Marviken III Test 4, the Semiscale Mod-)
Test 5=-07-6, and the LOFT LOCE L3=-2 small-break test.

Marviken III Test 4. The RELAPY code wau used to simulate the Mavrviken
ITI Test 4%¢ to ovaluate the code's ability to predict the hydrodynamic
behavior of a large=-scale blowdown tect. Simulation of the test allows

evaluation of the choked flow model under conditions that are comparable Lo
those expected in an IWR during a postulated LOCA.
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The purpose of the Marviken III Test 4* was to establish choked flow rate
data for a large scale nozzle (500 mm in diameter) with subcooled and low-

quality water conditions at the nozzle inlet. A schematic of the pressure
vessel, discharge pipe, and test nozzle is shown in Fig. 8. The pressure
vessel was initially filled with water to an elevation of 16.8 m above the
discharge pipe inlet. The steam dome above the water level was saturated at
4.94 MPa. The water level was at nearly saturation conditions for about 6 m
below. The water was subcooled by about 30 K below the saturated fluid after
a small transition zone. The initial temperature profile is also shown in
Fig. 8.

The nodalization used for the numerical simulation is also illustrated in
Fig. 8. A nearly uniform cell length of about 1 m was used everywhere. No
special nodalization was used in the nozzle region. This was possible because
REL\PS includes an analytical choking criterion that is applied at the throat
of the nozzle.

The calculated bhlowdown transient was simulated by opening the discharge
pifpe outlet to the ambient pressure. The measured data consisted of pres-
sures, differential pressures, temperatures, and mass discharge rates inferred
from pitot-static pressure data. Corresponding values were calculated and
comparisons are shown in Figs. 9 and 10. Figure 9 shows the pressurc history
at the vessel top. Except for an initial nonequilibrium undershoot (at about
3 s after rupture), the depressurization process was essentially 1n equili-
brium. The calculated blowdown rate was in agreement with the system blowdown
rate, and since the deprescurization rate was controlled by the break mass
flow, the fact that the prescure profiles were in agreement demonstrates that
the discharge flow was modeled accurately.

A comparison of the calculated and inferred discharyge flow rates is shown
in Fig. 10. The clear transition fro. subcooled to two-phase c¢ritical flow ir-
shown both in the test data and in the calculations at about [/ to 20 5 after
rupture. This wac reflectedd in the numerical calculations as the code auto-
matically switched from the subcooled choked-flow criterion to the two-phase
criterion,d?

Comparison of the RELAPS calculations with the Marviken II1 Test 4 results
provides a good evaluation of the ability of a two-phase thermal=-hydraulic
model to predict: mass discharge rates correctly under choked=flow condition:
at large scale.

Semiscale Mod-3 Test 8$-07-6. The Semiscalc Mod=-3] syuteng and a summary
of the Test $-.07-6°Y are aiven as a part of the RELAPA modeling of thin sane
test . The app.ication of RELAPS to this tostd? (s a good example  of
integral syrtem behavior prediction capability and alro providea an example of
the benefits obtained by the use of an advanced hydrodynamic madel. In
particular, the RELAPS resulti agree much better with data than the RELATA
results, Test 8§-07-6 reoponge was quite different from previous Semincale

exper imentn and wai characterized 'y several perfod: 'nowhich retill ot the
downcomer and partial reflooding of the core was follownd by a 1apid reduction
in bo the downcomer and con lLiguid inventorices (mana depletion),

*Thin teot {8 one in a teries of tests performed an a nultinational project at
the Marviken Power Station by Ao b, Atomenegrl Sweden,  The tent renults are
reported b Lo Brferon, ot oal., in "Interim Report Resaltn from Pent 4,0

MX('-'.'(W, M.‘\y ]()-,(‘I
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Fig. 8. Marviken IIl1 Test 4 vessel schematic, RELAPS
nodalization, and initial temperature profile.
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The flow oscillations resulted in core temperature oscillations, and completec
guenching of the core did not occur until 500 s after rupture.

The RELAP5 model of the Semiscale Mod-3 system ig divided into contrcl
volumes connected by junctions. The code use2s component-oriented modeling =o
that large sections of the system can he identified as a component. The
component can then be subdividrd to obtain the needed detail. A schematic of
the model for the Semiscale Mod-3 system is shown in Fig. ll. This nodaliza-
tion diagram can be compared to the isometric drawing of the Semiscale system
shown in Fig. 2. A total of 133 control volumes iiterconnected by 143 flow
junctions were used., A total of 109 conduction heat structures (shown as
shaded areas iIn Fig. 1ll) were used to represent heat transfer from pipec and
structural parts of the Bsystem. Twelve heat structures (one for each power
step) wrre used to represent low-power heater rods.,

The model was initialized Ly running the calculation at prescribed initial
corditions until steady state was reachod. The transient calculation was then
mad.: from the initiation of rupture through blowdown ana reflood to 200 s,
The core power, pump coastdown, and ECC rates were taken from the experimental
data.

The break flow rate controls the rate at which the syctem empties, the
depressurization rate, and the core [low behavior. The trunsition of break
flow to two-phase (low was calculated to oceur at 2 o5, while the tent daty
indicated two=-phane choked flow at 3 s, The calculated break flow rate in the
two=phase flow region was slightly hiaher than the measured data indicated,
The slighitly higher calculated total break flow rate resulted in o slightly more
rapid depressurization of the syatem, Fiqure 12 showt the calculated presasure
at the vescel upper plenum. The calculated pressure war hiaher than shown by
the tent data before 5 5 and lower thepeafter.

In sapite of wliaht discrepancies, the RELAPY calculation of the blowdown
brhavior of the Mod=3 gynten wan very good.  Thie was rellected (n the core
heater temperature.  Figure 13 shows the rod temperature in the hot channel at
184 em above the hottom of the rod.  The calvulated temperature was taken ut
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slightly under the suvrface (80-K difference existed at the initial steady-
state conditions). Calculated temperatures reached a peak of 1150 K, which
agreed with the test data. The decrease in heater rod temperature beginning
at about 12 s after r'pture was a result of water draining from the upper head
into the core.

The RELAPS. simulation of the phenomena associated with ECC injection,
refill, and reflood were equally encouraging. The test was simulated from
initiation of pipe rupture through reflood in one calculation without reno-
dalization. At 19 s, the system pressure reached 4.14 MPa, and the ECC water
from the accumulator began to flow into the system. During the accumulator
ECC 1injection period. the differcnce 1in the calculated vapor and 1liquid
temperature clearly indicated thermal nonequilibrium existed.

One of the most interestin3g aspects of Test 3-07-6 was the multiple
filling and emptying of the downcomer and core as mentioned earlier. The
downcomer depletion benavior and the effect on the core thermal response dur-
ing reflood was refiected in the fluid density. PFigure 13 shows calculated
and measured densities at the center c¢f the downcomer. Both the calculated
values for the density and the periodic mass depletion behavior compared well
with the measured data. 1In the calculation, the ECC water penetrated into :he
downcomer at 65 s, while the test data showed this to occur at 50 s.

The oscillations in the downcomer mass flow were controlled by the time
period when the subcnoled water was present in the downcomer. When the fluid
temperature reached the saturation temperature, vapor was generated and the
rvdrostatic head in the downcomer decreased. Some of the coolant was then

apelled from the top of the downcomer. When the downcomer hyd: 'static head
decrecased sufficient); as a result of mass depletion, the ECC water could
again flow into the downcomer. The heating, expelling, and refilling process
was repeated periodically.

Th. measured henter rou surfuce temperature rose and decreased as water
left and entered the core. The calculation also showed the oscillation in the
hcater rod temperature. Figure 14 shows the calculated and measured rod
temperatures at the hat and averaae channels near the axial peak power zone.
The calculated maxim'm and minimum temperatures compared well with the ternt
data before 100 s. The calcula*ed frequency of the temperature oscillation
was close to the inevsured frequency after 100 s. The calculated temperature
nf the hot channel gare a lower value while the temperature of the average
channel was too high. 'The awveraqge of th> two temperatures fell within the
measured data. 7wo channels were used to model the core and no cross-flow wa.
allowed between *"l.e two channels. This core model appears to be the cause for
the discrepancy bte-ween the calculated and reasured rod temperaturce.

This analysis cuafirmed that Semiscale Mod-3 Teast S$-07-6 was modeled well
by RELAP5 during th: blowdown j»riod and that it gives reasonable quantitative
results for the refill and retlood periods of the test.

LOFT TEST L3-2. ‘e results presented here represent the first time that
the RELAPS code wan uded for a forrmal pretest prediction.

A LOFT Facility dejcription ard a summary of the LUCE L3-2 key events ate
included in Ref. 4b The ndalization uned {n the RELAPS calculation was
similar to the nodali.etion uned for the RELAP4 blowdown calculation of LOFT
1oCE 1,2-3,48 In arean whare algnificant elevation differencen exist, the
RLLAPS nodalization waa {ncreaned to define trceep density gradients. The
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Fig. 14. Calculated and measured temperature of heater rod at the
hot and averaged channels near axial power peak.

RELAPS nodalization also includes :imulation of the potential bypass flow path
between the reactor vessel inlet annulus and upper plenum. The nodalization
scheme is shown in Fig. 15.

The liquid separator and mist extractor of the steam generator secondary
system are modeled by modifying the donor tosmulation of the convective terms
at the separator junction (Component 10). The steam flow control valve is
assumed to have a linear area change with stem position and a zero-inertia
conatant speed driver. The RELAPS/MODO valve subroutine required moditication
to model this type of valve. The sophisticated trip logic in RELAPS allows
simulation of the valve controller. The steam generator outflow is connected
to the air-covled condenser (Component 16) where the pressure is specified.
The femd flow is input as a function of time,

The ECCS System is represented by Components 168, 500, and 505 (ser Fiq.
15). LOFT Accumula'or A, Component 168, i3 modeled using the RELAP5 accumu-
lator model. The LPIS and HPIS pump models, Components 505 and 500, respeoc-
tively, required modification to the time-dependent junction subroutine in
RELAP5S so that the f{low provided by these components could be gpecificd as a
function of downstream pressure. The orifice at the break plane is modeled by
a valve having an open area equal to the area of the drilled break orifice.

Heat conduction between the primary and secondary s.des of the atean
generator is through heat Structure 5-i, the steam denerator tubes. ‘I'he
reactor pressure vessel, filler blocke, core filler, upper and lower core
support structures, and core also were modeled using heat conductora. The
aystem wan modeled with no heat loss to the surroundings,
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Fig. 16. REIAPS5 predicted upper plenum pressure response.

The transient was initiated hy openina the cold lea quick-opening blowdown
valve, For the first 94 5 afver experiment initiation, the pressure is pra-
dicted to decrease 1,41 MPa from the initial value, causing a reactor scram ta
initiate as shown in Fia. 1F, NPurina the next 12 35, the steam aenrratror
removes more ereray from the primary system than the reactor core ades,
resviving in a net stored eneray loss in the primarv loop, The resultina
Adansity increare in the prirary coolant places a further demana on the prer-
rurizer, recsultira in rthe hiah depresecurization rate after 94 s, A 107 o,
the stear flow control valve shuts corpletely, mitigating the rvapid preseare
declipa in the primary sveter. A+ 127 s, MPIS is initiatra b low Dressure in
the hot  lec; hut at about 400 ¢, the pressurizer ermpties and the prirary
srertem rapialy approaches the caturation pressure correspondina to the flaid
tenvarature  in the intact loop hot lec, The steam fluw control valve i
presicted to start opening at about 150 s, A small flow in the 1ntact lonp
carries thermal waves, uenerated Ly the valve opening, tirrcucthout the sust.r,
The steam valve is predictea to rta; closed in the perioa bhetween 100 abr,
2000 s and to start oprning aqain at about 2000 s, reducipt pressure to o abeeg
7.2 MpPa. At thif »oint, HPIS flow is about equal te break flow,

Afterr 1 h, steam is repoved from the steam aqencrator by opepina the ste
flow control bypass valve in ruch a manner to cause aouling in the steon
qenerator secondary nide of 44,4 K per hour. Thiz cneray  removal  cauge
couling in the primary loop of 42,5 K per hour, The calculations, therelore,
indicate that the steam generator cooling will be affrctive in the prinary
gystem. After 1.1 h of cooldown, the auxiliary feed punp is turnea on to 1]
the stram generator arcondary side,  The addition of thi: ¢old water causns o
coolina rate in the nteam acncerator areater than 44,4 R per hour.  Tha nteam
flow control bypans valve i, thernforrn, shut whenever the cooldown axeend:
44,4 ¥ per hour. The liauid Jevel in the practor versel uppoer plenum wae ho
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Fig. 17. RELAPS predicted clading surface temperature.

predicted to drop below the top of the active core, thus the cladding surface
temperature response shown in Fig. 17 is calculated to be benign.

The calculations showr. here were run faster than the simulated time, i.e.,
less than 7500 s of CDC~7600 CPU seconds were required to simulate system
behavior to 7500 =£. The faster-than-real time calculational speed achieved in
this application was a milestone in the RELAP5 code development. The achieve-
ment of real time computational capability suggests the possibility of future
applications such as system simulators, on-line diagnostic computaticn, and
system control.

5. TRAC DESCRIPTION AND EXAMPLE COMPUTATIONS

This section presents a summary overview of the Transient Reactor Analysis
Coxie (TRAC) and a few comparisons between TRAC calculations and experimzntal
data. Detailed descriptions of TRAC are given in Refs. 8 and 49, while a
summary of several experimental comparisons is given in Ref. 50.

5.1 Goals and Development Guidelines

A key goal of the TRAC development effort is to provide an advanued
begt-est.mate LWR systems code that can credibly prelict the accident behavior
of LWRS. The desired predictive credibility is to be established through the
careful assessment of code calculations against a sufficiently broad ranye of
pertincont experimental data.
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To atcomplish this gbal, the following guiaélines for the development of
the initial versions of TRAC were adopted.

1. Eliminate user-selected modeling options and parameter variations (or
"tuning dials") to the degree possible. If numerous combinations o.
modeling options are used in assessing a code against various experi-
ments, it is difficult to know what cptions might be appropriate for a
new sitnation where no direct experimental data exist (e.g9., an acci-
dent in an actual reactor). The goal of the TRAC assessment effort is
to predict adequately a broad range of experiments with no user tuning
from one test to the next,

2. Model 1important physical phenomena in as fundamental a way as is
practical. Basic modeling should genera’ly extrapolate to new
situations with more reliability than highly empirical approaches.
Such basic modeling also tends to provide more detail on the
thermal-hydraulic behavior of a system.

3. Provide sufficient flexibility to allow modeling of all major LWR
designs and pertinent experimental configurations.

Versions of TRAC developed according to the above guidelines are referred
to as "detailed" versions.

An additional goal of the TRAC effort is to provide fast running code
versions that can be used for such applications as parametric studies, scoping
calculations, licensing applications, and very long transients (e.g., small
breaks). Some of the major guidelines being followed in the development of
the fast running versions are as follows.

l. Use less detailed (and usually more empirical) modeling to arhieve
short running times.

2. Keep as much in common as possible bhetween the fast running and
detailed versions to minimize the amount of neecded experimental
assessment.

3. Calibrate the fast running versions againrst the carefully asscssed
detailed versions for specific applications.

5.2 Development Status

The initial versions of TRAC were detailed versions designed primarily to
analyze large-break LOCAs in PWRs. The first version, TRAC-Pl, was releasnrd
by The lLos Alamos Sclentific Laborator (LASL) on a limited basis in Marct
1978. An improved version, TRAC-PlA, was released through the National
Fnergy Software Center in March 1979. A further refined and improved version,
called TRAC-PD2,* 1is scheduled for release in the spring of 1980,

The initial fast running version, TRAC-PFl, is currently under development
at LASL. The experimental assecnsmert procens will start in the spring of
1980, with its public reclease planned for late 1980. The development of Bwk

*All futurc versions of TRAC will be designated as TRAC-xyz, where x=P {or PWR
versions and = B for DWR versions; y=b for detailed versions and = F for fast
running verasionsy and 2 is a version fdentilication numher.,
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‘versions is belng carried out at the Idaho National Engineering Laboratory

(INFIL.). The 1initial BWR version, TRAC-BDO, was completed in February 1980.
The first BWR release version, TRAC-BD]l, is under development.

TRAC-P1A will be used as a reference version for this paper. 1In some
cases, the modelina in TRAC-PD2 (as well as calculated results) will bhe
referred to, however. -

5.3 Model Description

Some of the important modeling characteristics of TRAC-PlA are summarized
in the following section. These characteristics typically reflect the state
of the art in the various areac and were incorporated in pursuit of the goals
and quidelines outlined above for detailed versions of TRAC.

Multidimensional Fluid Dynamics. Although the flow within the ex-vessel
components ' is treated in one dimension, a full 3-D (r,0,z) flow calculation
can be used within the reactor vessel. This is done to allow an accurate
calculation of the complex multidimensional flow patterns inside the reactor
vessel that can play an important role in determining accident bhehavior. For
example, phenomena such as ECC downcomer penetration during blowdown, multi-
dimensional plenum and core flow effects, and upper plenum de-entrainment and
fallback duriig reflood can he treated directly.

The flow can be blocked across specified boundaries within a vessel to
allow modeling of internal structures such as the downcomer. Flow restric-
tions can also be specified as appropriate to model structures like core
support plates. One-dimensional components can be connected to any vessel
mesh cell face (including interior mesh cells) to model the approprilate loop
connections, Fach of these features 1is 1illustrated in Fiv. 18 where a
simplified 2-D vessel noding is illustrated.

The 3-D hydrodynamics treatment in the vessel will reduce to 2-D (xX=y) or
even ]1-D qeometry when this is appropriate.

Nonhomogeneous, Nonequilibrium Modelinu. A full two-fluid (six-equation)
hvdrodynamics approach is usecd to describe the steam=water flow with.n the
reactor vessel, thereby allowing such important phenomena as countercurrent
flow to be treated explicitly,. The flow in the 1-D loop c¢¢ ponent: In
describerd using a f{ive-cguation drift-flux model, which differs from the
standard four-equation drift-flux approach by the adaition of a separate vapor
encray eauation. Thus, it ir nnt necessary to make any assumptions reqgardina

the temperature of either phase. This provides a consistent nonequilibrium
thermodynamic treatment in both the vessel and loop c¢onponents and permits
more  accurate modeling of the fluid dynamics through a direct trcatment of

flashing and condensation effects,

Flow=Regime-Dependent Constitutive Fquation Package.  The basic  field
cquations must be supplemented by a number of so-called constitutive eauation:
to obtain cloasure. These equations describe the trannfer of mass, momerntum,

and ensray betwren the stecam=water phases as well aa the interaction of thene
phases with the syrtem structure, DBDecause the nature of theae interactions in
strongly dependent on the flow topoloay, a flow-regime-deopendent congtitutive
equation packaar has benrn incorporated into the code, The ability of TEAM to
nuccersfully meet its qoal of eliminating uaer-selectnd modeling option:

=40~



TOP
VIEW

SN
AVERAGE AND OOWNCOMER
= HOT FUEL RODS BOUNDARIES

SIDE
VIEW

FLOW
RESTRICTIONS

Fig. 18, Illustration of TRAC 3=D configuration.

hinges on the ahility of this package to recognize flow regimes adequately and
to aupply appropriate correlations. The flow reaimes currently considered are
bubbly, 8lug, and annular (or annular mist) with appropriate transition
regions.

In the case of the five-equation drift-flux model used in l-D components,
the interphase slip correlation is also flow-regime dependent. A flow-reaime
map has also beren {incorporated into TRAC for this purpose. This is shown in
Fig. 19 to serve as an {llustration of the form of these maps. AS can be
s=en, the flow=-regime selection is made on the basis of void (steam) fraction
- and the magnitude of the overall mass flux,

The details of the r~onst!tutive equation package are beyond the scope of
this chapter; however, many of the phenomena and correlations are discusned in
other chapters. The specifin correlations used in TRAC=P1A are aiven in Pef,
8. Although the constitutive relations in TRAC will be improved in the
future, arsrasment calculations performed to date indicate that a fairly wide
ranoe of conditions can be adequately treaterd with the current package.

comprehengive  Heat  Tranugfer, Heat  transfer models In TRAC incluade
conduction modela te valculate tomperature tields in struccural material: and
fuel rods, and convection meanly tn provide heat tranafer betweaen ntructurs
an! conlant. Heat transfer to the two=-phane fluid {r calecultated unina a
asperalized  bnflina  courve econgtructod from a library of heat trantfer
corralatjons hared on loeal surface and fluld conditions,  The heat transfey
reajmer and correlations uned for thin purpm-.n8 are summarized in Tahle 1V,
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TABLE IV

HEAT TRANSFER CORRELATIONS IN TRAC-PlA

Regime Correlation
Forced convection to single=-phase laminar flow t constant Nusselt number

liquid

Nucleate boiling and forced
convection vaporization

Critical heat flux

Transition boiling

Minimum stable film boiling

Film boiling

Forced convection to single~
phase vapor

Forced convection to two-
phase mixture

Horizontal film condensation
Vertical film cundensation

Turbulant £ilm condensation

turbulent flow : Dittus-Boelter
Chen

low flow : Zuber pool hoiling high
flow : Biasi

log-log interpolation

low pressure 1 Henry-Berenson high
pressure i homogencous nucleation

modified Bromley Duugall-Rohsenow

free convection 1 McAdams turbulent
flow 1 Dittus-Boelter

laminar flow 1 constant Nusselt number
turbulent flow : Dittusm=DBoclter

Chatu
Nususelt theory

Carpenter and Colbuin
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Conduction models are used to calculate temperature flelds in 1-D
(cylindrical) pipe walls, lumped-parameter slabs, and 1-D (cylindrical) fuel
rod g.ometries. Pipe wall conduction is used in the components outside the
vessel, whereas the slab and fuel rod conduction models are used in the vessel
module. The fuel rod conduction analysis accounts for gap conductivity
changes, metal-water reaction, and quenching phenomena. A fine-mesh axial
renoding capability is available for fuel rods to allow more detailed modeling
of reflood heat transfer and tracking of quench fronts due to bottom flooding
and fallino films. '

In TRAC-PlA, quench fronts are advanced using an empirical velocity
correlation. Experience with this approach has indicated that it is difficult
to model low flooding rate experimental data accurately. A new reflood model
has been incorporated into TRAC-PD2 that explicitly accounts for axial heat
conduction near the front.

Fach fluid mesh cell in the core region can contain an arbitrarv numher of
fuel rods for the purpose of fluid dynamics calculations, However, heat
transfer calculations are only performed on one average rod and one hot rod in
each core mesh cell as shown in Fig. 18. The average rod represents the
averaagr of the ensemble of rods in the mesh cell, and its thermal calculation
couples directly to the fluid dynamics. A spatial power peaking factor and
local fluid conditions in the mesh cell are used in the hot rod calculation,
but this calculation does not feed back to the hydrodynamica. The total corer
power level I8 determined ftrom either a table lookup or from the solution of
the point=-reactor kinetics equations, including decay heat (6 delayea neutrocn
groupR and 11 decay heat groups). The spatial power distribution is specified
by separate radial and axial power shapes in the core plus a radial distribu-
tion in the fuel rod.

Component and Functional Modularity. TRAC i8 completely modular by
component. The component modules are &asembled through input data to model
virtually any PWR design or ecxperimental configuration. This gives TRAC arecat
versatility in the pogsible ranae of applications. It also allows compornnt
morulea to be improved, modified, or added without disturbina the remainder of
the code. Modulnrr are availabhl.: to model accumulators, pipes, pressurizers,
pumps, steam arnerators, tees, valven, and vessels with associated internals,

TRAC is alero modular hy function. This means that the major arpects of
the calculationn are performed in reparate modulen. For syxample, the basie
1-D hydrodyvnamics solution alqgorithm, the wall temperature field solution
algorithm, heat trannfer coefficinant naeleaction, and othar functions are
parformed |n separate mets of routines that are accesand hy all component
modulen. This type of modularity allown the code to bhe readily uparaded ar
improved correlation: and exprrimental {nformation become available,

5.4 Numerical Mathods

A summary of the basiec numerical methada in TEAC in aiven in thias
soction, A more rdetailed deacription of the f{inite difference equations and
aolutinn strateray in prenented {n Appendix A,

The ayatem of field and conntitutive equationn in =olved using a ertaggorea
differencing schamed1 52 an an  Eulerian megh. In this approach, the
velocitien are located at the megh cell surfacen, while volume propertive nuch
as prernure, temperature, oneray, and density ate locatea at the menh oell
centern, A aemi=implicit time Aifferencing {n normally used, with donor
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cell averaging employéd to produce étability. when the semi-implicit approach
is used, a standard Courant stability criterion must be observed.

The 1-D flow equations are written in two separate finite difference
forms. One form is the semi-implicit, staggered difference approach mentioned
above.53 The second form is an wunconditionally stable fully implicit
approach.54 The latter form is used in 1-D components where very high flow
velocities are. expected locally (such as near a break during the blowdown
phase of a LOCA). In such cases, the fluid velocity Courant condition would
necessgitate very small time-step sizes in a semi-implicit formulation. A
fully-implicit component can then be substituted. Thus, TRAC allows the user
to blend semi- and fully-implicit formulations in the same calculation to
improve computing efficiency. The actual finite-difference equations used in
TRAC are too lengthy to reproduce here {(especially the 3-D equations). The
1-D drift-flux equations are given in Appendix A, while the others can be
found in Ref. 8.

Iterative methods are generally used to Bsolve the finite-difference
equations. Each time step in the transient calculation consists of several
passes through all the components in the system. These passes, whose purpose
is to converae to the solution of the nonlinear finite-difference equations,
are called outer iterations. If the outer iteration process fails to
converge, the integration time step size is8 reduced and the time step is
repeated,

The s8olution procedure during an outer iteration begins with a
linearization of the equations for each 1-D component. This results in a
block tridiagonal system in which 1linear variations in pressure and other
independent variables (vapor fraction, liquid temperature, and vapor
temperature) are solved in terms of variatio ‘n the junction velocities for
the component., If there are no vessels in tuu calculation, these linearized
equations are combined with the linearized junction momentum equations to
obtain a closed linear system for the junction velocity variations. This
system is solved by direct methods and a back substitution is made to update
the remaining independent variables. Therefore, there is no inner iteration
process involved for 1-D components.

When one or more vensels are present, the variations in the 1l-D component
junction velocities are Bsolved in terms of the pressure variations at the
vensel junctions, These equationy are combined with the remaining linearized
eaquations in the vessel to provide a closed set of linear cquations. Becausa
the matrix 13 usually too larae for direct inversion, this set of linecar
equationr is solved by Gauss=Sridel iteration (an option that allown for a
direct inveision in the case of relativel' small problems has recently bheen
nadn available)., When this vessel inner iteration process has converard, back
substitution throuah the 1=D componentes again completes the solution of the
full linear system, A ninale pass  throuwwh this proceaure provides the
golution for the linecarized finite differeonce equations. Subsequent passes
for the name time s8tep renult in A Newton=Raphson iteration scheme with
quidratie converdenue on the nonlinear difference equation:,

A Bleady=-state capabllity s also included in TRAC to provide time-
independent solutions. These may be of interest in their own right or can
serve as initial conditionn for subaequent transient calculations. Two typer
of calculations are avaflable within the natealy-state capability: (1) a Gon=
cralized steady-state caleuiation and (2) a PWR initialization calculation,

(X}
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The fir,.t is used to find steady-state conditions for a system of .arbitrary
configuration. The second is applicable to PWR systems and is used to adjust
certain loop parameterc to match a set of user-specified flow conditions.

Both calculations utilize the transient fluid dynamics and heat transfer
routines to search for steady-state conditions. The search is terminated when
the normalized rates of change of fluid and thermal variables are reduced
below a user-specified criterion throughout the system., For a given problenm,
computer running times for steady-state calculations are generally much
smaller than those for transient calculations.

All TRAC versions to date have been developed on CDC-7600 computers.
TRAC-PD2 1is currently being converted for use on the CRAY-1. It is antici-
pated that future release versions will also be converted 1or use on IBM
computers., Fast running versions will additionally be available for use on
DEC/VAX machines. Computer running time is highly problem dependent., It is a
function of the total mesh cells in the problem and the maximum allowahle timn
step size. The total run time for a given trancsient can be estimated from a
unit run cof 2 to 3 ms per mesh cell per time step on a CDC-7600 with an
average time step size of 5 ms.

5.5 TRAC Example Calculations

A major part of the TRAC development effort involves the comparison of
calculations with experimental data. This experimental assessment process
proceeds in two phases. The firat phase, called developmental assessment, is
an integral part of the code development effort. It consists of numerous
posttest analyses of experiments covering all aspects of LOCA phenomenology
and serves as an aid to model development and evaluation. A code version is
not released until it has adequately analyzed a predetermincd sect of experi-
ments. Data comparisons from nine experiments were formally documentea as
part of the release of TRAC-P1A. %0  These experiments are listed in Table V
to illustrate the scope of the developmental assessment process. The asscesgs-
ment Sset to be documented with the release of TRAC-PD2 is considerahly laryer.

Following the release of a given version of TRAC, an 1ndepenacnt
assessment phase is initiated. This phase empharizes hlind pretest predics
tinrns to estabhlish predictive capability, The independent assessment to date
has emphasized OFT experiments but is expanding to {nclude other facilitics
such as IOBI and the Japanese Cylindrical Core Tes* Facility,

Detailed comparirons of TRAC calculations and experimental data have beon
published nlsnwhere; thus, only a brie! summary of two test compatizons from
Ref, 50, followed by a more recent LOFT comparisan, will be presented hepe,
The first 18 an apalysis of rome countercurrent flow experiments performed at
Creare, 1Inc., to atudy FRCC downcomer bypass  phenomena. Thir snprven to
fllustrate tie us:  of neparate-effects  toustsn dn the model  development
rrocersr,  The other two will be analysen of a semiscale and a LOFT experiment
to {1lustrate the role of systems data comparisons,

Crearn  Countercurrent Flow FExperiments.  The Creare countercurrent  flow
experimentn inventigated the effects on FCC penctration to the lower plenum of
countercurrent ateam flow rate, downpcomer wall suporheat, and ECC subceooline,
The basic component of the Creare teat facility in a 1/15=ncale  (linem
dimenrion), multiloop, cylindrical model of a PWR  downcomer rweglon. A
detalled description of thin facility and ftn operation in qiven {n Lef. 55.
The confiquration used in the testn analyzed here s the no-called "base-=line"
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TABLE IV

TRAC-P1A DEVELOPMENTAL ASSESSMENT ANALYSES

No. Experiment
1 Fdwards Horizontal Pipe

Blowdown (Standard Problem 13

2 CISF Upheated Pipe Blowdown
(Test 4)

3 CISE Heated Pipe Blowdown
(Test R)

4 " Marviken Full-~Scale Vessel
(Test 4)

5 Semiscale 1-1/2 Loop

Isothermal Blowdown (Test
1011, Standard Problem 2)

6 Semiscale Mod=-1 lleated loop
Blowdown (Test S-02-8,
Standard Problem 5)

7 Creare Countercurrent Flow
Exper iments

R FLFCHT Forced Flooding
Teats
9 Nonnuclear I1,O0FT RBlowdown

with Cold Lea Injection
(Teat 11-4, Standarq
Problem 7)

confiquration having a 0.0127-m (0.5~i{n.)

geometry. The vessel has four cold

Thermal - Hydraulic Effects

Separate effects, 1=-D critical
flow, phase change, slip, wall

" friction

Same as 1 plus pipe wall heat
transfer, flow area changes, and
gravitational effects

Same as 2 plus critical heat flux
(CHF)

Same as 1 plus full-scale effects

Synergistic and systems effects 1-D
flow, phase change, slip wall
friction, critical nozzle flow

Same as 5 plus 3-D vessel model with
rod hcat trans“er including nucleate
boiling, DNB, and post-DNB

Separate effects, countercurrent
flow, interfacial drag and heat
transfer, condensation

Separate effects, reflood heat
transfer, quench front propanation,
liquid entrainment and carryover

Integral effects durina blowdown and

refill, scale midway between Semi-
acale and full-ncale PWR

downcomer qap and a "deep plenup”

leqn oriented 907 to each other. 'Threr
of these legs are assumed to be "{ntact"

and are connected to FUC ifnjection

linns, A single "broken" lea connects to the pregsure puppression tank,

The tesat procedure is as follown,
vernel in established., The nteam entorn

N conertant steam flow rate throuah the
at the top of the venarl, flowns down

the center of the vesnel into the lower plenum, up the downcomer, anmd out the

broken cold leg,  After reaching a

simultaneounly into the three intact
rate,  After a nhort transient period,
The tont i8 run until the lowsr plenum

be determined, A complete panetration,
net of tenty at a agiven {quid {ndection
ateam flow pate varied over a range

complete delivery to complete bypann,

nteaddly steam flow rate, water in injected
culd legn at a constant preuet  flow
the plenum normally beains to (ill.
fa full or until the fi{lling rats can
or flooding, curve i composed of a
rate and liquid tepperature with the
nuch  that water delivery ranaen fiom



The TRAC hodei of the Creare véséei'fs shown in Fig. 20. The 3-D vessel
module used 112 computational cells with the mesh lines indicated in the
figure,

The calculational procedure paralleled the Crearr experimental procedure,
A steady-state calculation was performed to establish a constant reverse steam
flow and lower plenum pressure. This steady-state calculation was run until
JI%ac (the dimensionless reverse core steam flow rate) reached a ccnstant
value. This normally took about 3 8 of Bimulation time. The transient calcu-
lation was then started with the initiation of ECC injection into the three
intact cold legs. Results for two ECC injection rates and levels of subcool-
ing are compared in Fig. 21. The low Subcooling cases injected 30 gpm of ECC
water at 212°F, while the hign subcooling cases injected 60 gpm at 150°F.
The reactor scale injecticn flow rate is 60 gpm. The system pressure ranged
from 1 to 3 atm.

The basis for selecting theee two penetration curves was to separate the
basic phenomena determining whether FECC bypass or delivery will occur. These
phenomena are interfacial momentum and energy exchange between the liguid ard
the steam. For a low subceoling case, the only erifect that can produce bhypass
is the interfacial draq bhetween the staam and the liquid. The calculatad
peaetration curve for this case gives an appraisal of the constitutive
relationship describing interfacial momentum exchange. Moreover since Lhe
calculations cover the range of complete hypass to complete dumping, different
flow reaimes exist in the downcomer at the bypass point than at the complet~
delivery point. 1In the nigh subcooling case, the interfacial heat transfer
becomes significant in determininqg the quantity of liquid delivered. As can
be seen, the TRAC calculations aareed very well with both of the experimental
penetration curves. Comparisons such as these indicate that complex multi=-
dimensional phenomena, sduch as NCC bypass, can inderd he modeled with the
rather fundamental modelinag approach taken in the detalled versions of TRAC.

Samigcule Test $-02=H. Terst 5-02-8 was a nimulation of a PWR doublr=endn!
cold=lnrg break performed in the semincale Mod-1 tm:ilit','.’6 In the Mod=1
confiaquratinn, nuclear heatina is sjmulated with 40 electrically heated rode,
The TRAC mocde]l of this experiment in shown in Fig. 2?2. This fiqure i}lus-
trates hew the variouas TRAC components are connected to simulate a PWR type
confiquration. Th caleulation involved nearly every TRAC component module,
The maodel had a total of 1)1 meesh c¢ella in the 1=D loop components ana 1o
cells in the 3=D vessel compoannt,

The initial rnteady=state conditions calculated with TRAC for ure at the
atart of blowdown agreed very well with the experimental data. Some of the
key transient results are compated in Figa, 23=2%, The calculated and
meanured lower plenum pressuren agree (uite well am can e geen in Fiu, 21,
T™hin findicates that TRAC did a reasonable joh of analyzina overall aynten
performance, A comparison of the cladding temperaturen in the hiohent powe
teaion in shown in Fid. 24, The calculated renulta are compared with a band
of meanured valuen that encompatsned all the cladding thermocouplen in the
lower half of the highest power atep in Semincale,  With the exeeption of a
alightly advanced departure from nucleate boiling, TRAC doen an exesllent jol
of predictina the cladding temperature renponae in thin high powsr zone,

The final comparinon prenented ja the hit=1ea hreak mans flow rate nhown
in Fia. 25. The amall rime in the flow rate at about 12 A {n due to a alue of
hiaher dennfty fluld comina from the {ntact hot Tea,  The TRAC 1enultn show a
pmall rire at thin time, but underprediet the magnitude,  In ysneral, howeyey,
break flow raten were predicted quite well ithout the une of any empirical
break flow model,
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LORT Tent 12-3, Because  TOFT iu the only available nuclear-heated
integral-cffect teut facility, several ol the recent LOFT teate nhave hoeen
extennively  analyaed  with  TRAC. This  has  included both  Llind  prete;st
predictions and extennive posttent analyses.  Au an example, a f{ew key rrogults
from Tent L2=1 will be compared with the TRAC pretest prediction:,
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Test L[?-3 simulated a double-ended cold leg break and was conducted from
an initial power of 37 Mwt.>! The TRAC model consisted of 27 components
with a total cf 322 fluid mesh cells. There werc a total of 12 axial levels
in the vessel, including 5 axial levels within the core reqion. A total of
192 fluid cells were used within the vessel, including 60 within the core
itself. The reflond fine mesh was initiated 10 s after accumulator injection
started, There were 5 uniform fine-mesh intervals for each axial level,
giving a total of 25 fine cells.

The initial svstem thermal and hydraulic conditions for the pretest
calculation were obtained using the steady-state option. Good aareement was
obtained betwern the calculated and measured conditions.

Prrtest transient result:s are comparcd with the data’® in Fias. 26=29.
The upper plenunm pressure is shown in Fia. 26, The calculation depressurized
somewhat more slowly than the data and resulted in delayed ECC injection.
Fiaure 27 shows the broken loop colid-leqa mass flow rate. The early
underprediction of the break flow is consistent with the overprediction of
Gystem pressure, In aqeneral, however, thense results are in quite  qood
aarrnment.,

one of the amore Interenting  {and unexpectad) results from the early
nuclear-keatoed bLlowdown tents in LOFT was the observed early rewet brhavior in
the hich=power core reqgion. The TRAC pretest predictions for an ecarlier tect
in thin nseries (L?=?) had prerdicted rewet to occur in the lower power reaions,
hut did not predict early rewetting in the high power region. Tt wan suu-~
pected that the minimum film boiling correlation in TRAC=PLA miaht he at fault
hecaune {t wan annd on low pressure data.,  The minimum film boiling correla-
tion of Jlnnjn‘9 was subrequently tried and found to give much better
resulta, Decaune of this, two hlind pretest predictions of Tent [.2=) werrn
prrfarmed,  One used the rtandard releane vernion of TRAC-P1IA, while the
aecond had the Tloejr correlationh implemented. Temprraturen from thene two
predictiory are compared with data in Finn, 28 and 29,

The tamperaturen in a low=pow:r peripheral reglon are compared {n Fiaq.
29, An can be neen, both of the TRAC pretent predictiona agreerd aquite well

=ho-
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with Lhe data. In the higher power region near the center ot the core,
hownaver, standard TRAC-P1A did not predict the early rewet, while the vorrion
with the lloeje correlation did (see Fig. 28). These regult: again indicate
that an improved {ilm boi1ling correlation {f necesrary to calculate the rower
phenomena in LOFT. To decide on an appropriate correlation to be inplementeod
in future release versjocnn of TRAC, additional data from other facilities are
currently helng examinerd,

Difficultins in accurately predicting the dryout behavior in parts of the
core were algo observed, Thexe appear to be related to the underprediction of
the hroken cold-leg flow during the first % n of the transient, Underprr -
diction of thn cold=ieg break flow waszn mainly becausie vapor aqencration model
in TRAC=PIA dors not account for the effect of Jdelayrd nucleation, Thin
problem wan rot evident in the broken loop hot lec becaune of the higher flow
realstance and temperature.  In aeneral, the calculated hohavior in the intoee
loop wan qualitatively goord,



E: ~eriente to date in predicting LOFT experiments has been encouraging.
In p:_ticular, TRAC has done a good job of predicting the overall thermal-
hydraulic behavior of the large-break LOCA tests. Areas where specific models
needed to be improved have also been identified, however. For example, the
tendency of TRAC-P1lA to underpredict subcooled break flows, as mentioned
above, was also obsarved in subsequent small-break test analyses. This has
led to modeling improvements that will be incorporated into future code
versions.

6. CONCIUSIONS

The material presented 1in this chapter illustrates that substantial
progress has been made in meeting the need for reliable and efficient LWR
safety analysis codes. The recent best-estimate codes provide increased
predictive reliability through much more comprehensive modeling of important
thermal-hydraulic phenomena and much more extensive and methodical assescment
against experimental data. 1In addition, the replacement of user-controlled
optiona and tuning dials with more fundamental modeling is enhancinag the
predictive credibility of these new codes.

As indicated earlier, much of the code development and assessment effort
to date has been mainly directed toward the large-break LOCA. The blowdown
and refill phases of these accidents can be well characterized with the
available system codes, and steady proaress is being made in modeling the
reflood phase. Perhaps the most difficult .issue remaining with roaard to
large-break LOCAs is establishina the abhility of the codes to extrapolatr to
full-size PWR bhehavior.

Although much of the code development to date is also applicable to sicall
break IOCAs and other rostulated transients, some new modeling features arce
required.  1n addicion, the codes must be very fast running to allow analysis
of very long transients. Therse {catures are currentiy being emphasized in the
development of RFLAPS and the fast running versions of the TRAC code,  (on-
siderable assensment “emains to be done in this area.

The authorz belinrve that the accurate and economical performance olread:
achinrved will he sianificantly improved. These codes can be used to examine a
broal range of postulated accident conditions to asnist in  implementina
improved Aesiane and procedures for accident prevention and investiaation,
Additionrlly, codee with faster than real time runnina cavability eouli
potentially he used in on=line acerident diaanostic syrtems that could allow
operators to regpond more effectively to oft=normal conditions.

Finally, code development will continue to meet increasing peeds Lo
improved plant  intedrity and reliability, and assurance of pafety swesten
performance. These needs in the puclear area are stimulated by our ecountry':
need for a stable, nconomical, and safe rupply of eneray. For the analys! ana
exparimentallint in nuclear safety, these increasina nend: mean areater demand:
and responsibilities for measurability in degign and satety asseszment techs-

niquen and ridgor in their application,
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APPENDIX A - REVIEW OF SOME NUMERICAL TECHNIQUES'USED IN LWR SAFETY CODES
A.l INTRODUCTION

Any reasonable set of equations that could be used to describe the thermal
hydraulics of a nuclear reactor under accident conditions would be far too
complex to allow analytic solutions. The increasingly sophisticated digital
computers that ‘are available for sclentific purposes do allow numerical simu-
lations of the fluid mechanics and heat transfer, however. Two fundamental
difficulties with any numerical procedure are: (a) approximations must be
made that may not always preserve the exact character of the original equa-
tions and (b) insights into the solutions (such as unstable regions, peak
variable values, etc.) are not attained as readily as with analytical solu-
tions. Despite these difficulties, numerical modeling can provide information
on the response of the whole system that cannot otherwise be obtained. This
Appendix covers some of the aspects of hydrodynamic modeling of large reactor
systems using finite difference schemes,

A.2 FINITE DIFFERENCE EQUATIONS

Consider the following set of hydrodynamics equations

ap d
—_— 4 =Y =m0 A-1
e i) { )
ALY oV P
—_— V — + == =0 A-2
n ot + ¢V = T ( )
p = p (P) . (A=3)

Here, © is the density, V the velocity, and P the pressure.

We wish to approximate the partial differential equations in such a way
that a digital computer can inteqrate the equations in space and time with a
consistent *echnique (i.e., one which in the limit as At 0 and Ax » O
returns a solution of the original differential equations).

Although there are a vast number " procedures that could be used, all of
the current major reactor system cod: (TRAC, RELAPS5, and COBRA TF) employ the
same basic difference scheme and solution technique. This particular schneme
i8 relatively easy to code, is stable for moderat: time-step sizes, and is
robust and reliable.

The spacial differencing uses a staggered menh“'l--stquornd Lecause the
momentum equations are written over volumes half{ a mesh cell up or downstream
from the volumes over which the scalar field equations are provided. The
neavy lineu in the followiny figure indicate a typical 1=-D computational merh,
while the dotted lines show where the momentum equations will be written




The subscript i indicates a mesh cell center. All the thermodynamic vari-
ables, i.e., P and p, are located at the center of the scalar cells, while the
velocities are located at the center of the momemtum cells (scalar cell edges).

Reference A-2 by Liles and Reed provides a more complete description of
the solution procedure that is now delineated. A finite difference approxi-
mation to Eg. (A-1l) becomes:

n+l n n _n+l n ,n+l
Py TPy Q’ v )i-ﬁ-(o v )i#: (A-4)

At Ax

where the superscript n implies the old time quantities and n+l implies the
. new time quantities. The momentum equation, Eq. (A-2), becomes

(A=5)
n+l n n n n+l n+l
View " Visw  on (Vi+l i Vi) ! (Pi+l pi) .

A"
i A o
At iy P Oi+5 ¢

. The time levels for the convective terms are chosen to allow the wave speed

Courant limit (vf:)At to be violated (see Ref. A-3), but not the material
Courant limit, YAt . 1. In these expressions C is the speed of sound and V 1is

Ax
the material velocity. It should be noted that Egq. (A-5) can be rewritten as:

ntl At ( >
v, = V. - —— 5P - &P, ' (A=6)
i+% i+y °i+H AN i+1 i

n n

n At n n At (P. - P,
where v =V, -V, o (V. - V.) - == PSANE 1) ' (A=7)

i+h ith itk Ax \ i+l i P iy .
n+l n

and fpy = Py LY ' (A=8)

which i3 the pressure change during the tinme step.

We shall next linearize the equation-of-state

Lrs y
d‘\ -] ,][) (“ (I\-9)

and write a firat order Taylor nevics expansion for nhtl e,

Py

dpr n
n+l n i I .
(\1 o |vi + (3-}:;’) ] “\"lO)
Combining (A-4), (A-6), (A-9), and (A~10), we obtain (one more momentum
equation must he written for v”+1)

i=h



(A-11)

It should be noted that in order to complete the finite difference scheme,
variable values are required at locations where they are not defined. Auxi-
liary equations are needed to obtain closure. To obtain stability, donor cell
averages are used.

(A-172)

It should be noted that pressures in the momentum equation cannot be donor
celled. 1If they were, waves could not always propagate in all directions and
stagnation regions could Le uncoupled from the remainder of the flow field.
one of the great virtues of the staggered difference s heme is that close
coupling of the pressure gradient term occurs naturally with the velocity anAd

results in diagonally dominant matrices (if %%f-ﬂ 1).

A.3 SOLUTION STRATEGY

This provides us with a tridiagonal matrix in pressure to solve. Direct
elimination or a Gauss-Scidel iteration can be used. The total calcu'etional
sequence occurs as follows: (u) a first pass over the mesh for Eq. (A-7)
provideg "trial" new time velocities, (b) Eq. (A-1)) is aolved for pressure
with all the old-time quantities known either from initialization or the
previous timentep, (c) the thermodynamic equation-of-state (Eq. (A=3)) s
solved for the new densitiecs. This finishes one timestep.

A.4 1=D DRIFT-FLUX EQUATIONS IN TRAC

This same technique can be used for the more complicated two=-phase flow
equationy in reactor safety coden. A ninimum model that descriYes adequately
both thermal and velocity noneguilibrium is the five equation drift-flux
model. This approach {n uned in the 1=D components in TRAC. ‘The following
text developn theme equations and describaeis how thay are wolved,

Field Equationt. The differential field equationeP=9 fopr the two-phase,
five-equation drift=-flux model are given below, The nubuacriptn g and F refer
to the gas and liquid phasce, and m denotes mixture guantitien. « 18 the
volume fraction of the vapor.



Mixture Mass Equation

9 ) _
ot pm + X (pm vm) =0 (A=13)

vapor Mass Equation

aog(l-a) Dlvr

9 d o =T -
30 (o) gp (g V) * 5 P (A=14)

. Mixture Equation of Motion

2
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Vapor Thermal Enerqy Equation
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e
3 3 rg d
— — o Voo  — + p = (7 V)
T (apg eg) + o™ (m:g qu) [ e ] P (v Vy

+ 3 atima OE Y n + - p la + I'h
P ax 0 r qwq qiq 1 Jt S

m
(A-16)
Mixture Thermal Enerny LEguation
, . 5 (le=a) o, ap (e =c)) Y
o N " [\ ﬂ (! ¥y m
—n— - o — . wame Y + —
At (Om om> A (“mnmvm) X [ . r P %
(A=17)
" “(1-“>‘Qf-ﬂﬂj v | u- +
NIRRT r ey 7 e
m
where
n La S T1 + (]“l).‘\ ’ (A-IB)
m 4 ¢



“pgvgf+ (l1-a) pg Vl

Vv = ’ (A-lg)
m (o]

and Vr - Vg -V .

(A=-20)

. The expression for e, is the same as Eq. (A-19) with V replaced by e. In

addition to the thermodynamic relations that are required for closure,

- specifications for the relative velocity (V.), the interfacial heat transfer
(Qiq) v the phase change rate (I'), the wall shear coet!icient_(K), and the

. wal? heat transfers (g, and q, ) are required. The correlations used for

these quantities will not be discussed. Gamma can be evaluated from a simple

- thermal energy jump relation

[ oa %212_;_;ii , (A-21)
s g
wvhere
ig = highi (Tg - Tg)/vol (A=22)
and
qyp = Wy Ay (Tg - T.)/vol (A=-213)

The quantities hy,s hyr and A; are evaluated using a complicated
eatimate of the flow tegime in'erfacial heat transferao.

wall heat transfer Lerms assume “he form
wg * hquwg(ww - Tg)/vnl (A=24)
and

Ay, * by, A (Ty = T))/vol (A=25)

Finite Difference Equations. Thas one~dimensional flow equations 1n TRAC
have been written in two separate finite ditfercnce forms. The first form of
the difference equations {o semi-implicit and haz a time avep nize atability
limit of the form

a1

where \x i3 the mesh #pacing and V the fluid velocity. In blowdown problems,
this Ltime step im unually prohibitively nmall due to the high velocitien near



the break. To alleviste this problem, a set of uncorditionally steble, fully-
implicit difference 2quations was written for use in pipes where the fluid
velocities are expected to be high. Only the first semi-implicit set will be
considered.

The equations ar? solved for one-dimensional pipes using the staggered
difference scheme on the Eulerian mesh. State variables such as pressure,
internal energy,-and vold fraction are obtained at the center of the mesh
cells, which have length Ax;, and the mean and relative velocities are
obtained at the cell boundaries. Because of this staggered difference scheme,
it 1s necessary to form apatial averages of various quantities to obtain the
finite difference form of th2 divergence operators. To produce stability in
the partially impli~zit method, a donor-cell average is used of the form,

<Yv> -y for V.+ >0

jey T Y5V J+y =

j+1vj+H for Vj+H <0, (A-26)

where Y is any state variable or combination of state variables. An integer
subscript indicates tha. a quantity is evaluated at mesh cell center and a
half integer denotes that it is obtained at a cell boundary. With this
rotation, the finite dillerence divergence operator 1is

v = o YV L Y 1
(YV) (Awa Y A J_,‘}/vo

3 J+h =k i ! (A=27)

where A is the cross=section area, and vol. is the volume of the jth cell,
Slight variation. of Lhese donor-cell terms appear in the veloucity equation of

motion. Donor=cel) averages are of the form
gyl -y Vz for V 20
'YVl..'j Ve, 3-4 r t,3=4 =
- Yjvr'j"“: for vl‘,j"‘l) -0 ('\'28‘
and the donor-cell of the term v " Vg iy
. T - y r-x r( r \' . 0
Vm,|oh ")y Vm " Vm,\‘H (‘m.hlh \m.\-H)/“ j ST NAN
) ‘A ror Vv 0,
VeV v Y N0 my )+l

(A=29)




Given the preceding notation, the finite difference equations for the par-
tially implicit method are:

Mixture Mass Equation

n+l n N+l

(om -p)/At+V( m)=0.
(A-30)
Vapor Mass Equation
n+l n+l
(o o - a" p ) /At + V (a onvn+l) + V (O ) = I,
g (A-31)
Mixture Energy Eqration
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Vapor Energy Equation
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Mixture Equation of Motion
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where

Ox = (ax, + Ax, J)/2
J.'.l, h| J+l / (A"35)
o« (1-a") o; o7
Of = o , (A=-36)
P
In
and
on =p" for V
. - . >
m, j+h m,j or j+hy = 0
= Dn f \Y 0
= \ or L .
m,j+1 +4 (A=37)

If the appropriate caloric and equations-of-state are inserted and a
first-order Taylor series is used to evaluate the new time state quantities,
we obtain block tridiagonal matrices in the variablesa , P, Tp+ Ty. These
can then be solved and passes made through the thermodynanics to obtain new
dencsities and enerqgies for bhoth phases. This basic numerical procedure
extends to the two fluid model and may be also used in multiple spacial
dimensions (although the resulting arrays are no longer tridiagonal).

This Appendix will not address a wide range of numerical problems such as
numerical diffusion, numerical viscoscity, and formal trunciation accuracy.
Reference A-3 containg discussions of some of these other important points.
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